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FOREWORD

This manuscript was prepared in 1950 by Dr. Adler and has
never been formally published. Notes have been passed from
hand to hand, and references are given in many publications on

. decompression sickness to ‘“Adler, H. F. Dysbarism. Unpublished
Report.” This report is regarded as a classic review by many
investigators; it has withstood the test of time. To make this
report available to all interestea persons, it is being published in

its original form.
w 5741 C-Qw

ROBERT G. McIVER

Major, USAF, MC

USAF School of Aercspace Medicine
Physiology Department
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DYSBARISM

INTRODUCTION

This reviev is devoted to a detailed discussion of the various
aspects of dysbarism, vhich is 2 new term replacing that of ‘de-
compression sickneus.” Many theoretic as well as experimental
observations are presented, all of which are believed to be of
interest and of importance. It cannot be overemnhasized, however,
that the greatest material benefits will be derived if constant ef-
forts are made to keep clearly in mind the classification of
dysbarism. Mincr facts and details should not be allowed to
obscure the more important general principles. It is definitely
advantageous, for example, to make frequent reference to the
principles of atmospheric physics—especially the factors related
to the behavior of gases at altitude. It will be noted that the
various aspects of aviation physiology are closely related and that
an understanding of them is largely a matter of integrating newly
presented material with what has gone before.

Dysbarism i3 a term used to mean the symptoms and signs
resulting from all changes in barometric pressure. For the vurpose
of our discussion, however, most of the emphasis will be placed on
changes in barometric pressure in which the total chauge in
pressure is less than 760 mm. Hg as occurs in altitude dysbarism.
Caisson disease consists of symptoms which result when humans
have been exposed to high pressures and then are decompressed
to lower rpressures, the latter pressures being atmospheric or
greater. Caisson disease will be considered only when such dis-
cussions are of general comparative interest or serve to aid in an
understanding of the phencmena encountered in aviation medicine.

1
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One should clearly keep in mina the concept that at sea level
the barometric pressure is 760 mm. Hg and, no matter how high
the aviator ascends before descent to sea level is made, the dif-
ferential pressure between his peak altitude and that at sea level
is some value less than 760 mm. Hg.

In comparison, the diver or workman in a diving bell, which
is at a depth of several hundred feet below the surface of the sea,
can be supplied with air or other gas mixture at a pressure of
4 or b atmospheres, which is equivalent to 3,040 and 3,800 mm. Hg.
respectively. Obviously, on return to sea level, the total change in
pressure to which his body has been exposed is greater than
760 mm. Hg. In either instance, however, the changes in pressure
to which their bodies are exposed give rise to a number of clinical
symptoms.

HISTORICAL ASPECTS

Robert Boyle in 1670 exposed a viper to a very low ambient
pressure and reported seeing a bubble witliin the eye. A French
engineer, Triger, about 1850, built and used the first caisson for
tunnel work. The first account of ‘“‘compressed air illness’’ (caisson
disease) was made by Pol and Watelle in 1854. Reference to the
above paj ers and many other early workers are cited in the books
by Paul Bert (131), Hill (129), and Armstrong (16). In their
writing, Pol and Watelle noted numerous pathologic effects of
caisson disease and presented data which showed that besides a
number of less serious reactions several deaths occurred. Their
remarkable conclusions were that compressions up to 4.5 at-
mospheres were not perilous, but that the subsequent decompres-
sicn was the dangerous period. The danger was proportional to
the degree and period of compression and especially the rapidity
of decompression. They also indicated that decompression should
he slow, and if symptoms occurred then recompression was the
treatment and was to be followed by even slcwer decompression.
In 1869 De Mericourt reported symptoms in sponge divers which
were similar to those found in caisson workers. During the last
half of the 19th century, many engineering projects in Europe
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and America employed caissons resulting in a high morbidity and
mortality from caisson discase. In 1878 Paul Bert nublished
“Lia Pression Barométrique' (121) in which he indicated that the
cause of the symptoms of caisson disease was the liheration of
nitrogen pxas bubbles. Among other facts, he demonstrate 1l that
if animals were put in an oxygen-rich atmosphere for sonie time
before being rapidly decompressed, then no bubbles were formed.
Heller et al., quoted by Iill (123), studied many cases of caisson
disease, described the complex symptoms, and among othker things-,
attributed the skin formication and painful itch to air bhubbles
produced in the fat of subcutaneous tissue. Keays in 1909
published a book in New York titled Compressed Air Illness and
summarized 3,692 cases of caisson disease occurring in 10,000 men.
There were 20 deaths. Hill's book (129) reviews much of the above
literature and presents his own observations.

In 1929 Jongbloed presented a thesis to the University of
Utrecht in Holland. He reported the effects of simulated ascent
to high altitudes in a low pressure chamber. The content of this
thesis was presented at the International Air Congress in 1930
(150). Protocols are given for tests at 6,000, 9,000, 12,090, and
14,000 meters with analysis of alveolar air at altitude. The report
gave descriptions of bends in the wrists, knees, and hip joints,
and attention was called to some of the similarities and differences
between cnisson disease and altitude dysbarism. Barcroft et al.,,
guoted by Fulton (82), noted ‘“‘sore legs” at 30,000 feet in a low
pressure chamber and acute pain in both knees at 36,000 feet.
These symptoms of bends were experienced in experiments con-
ducted in 1931.

In this country, Armstrong (16) performed a number of ex-
periments which were important to the development of aviation
medicine and were included in the first edition of his book. Among
these investigations was an account of bends at altitude experienced
in a decompression chamber at Wright Field in 1934 (13). These
studies, as well as a number to be considered later by Behnke of
the U. S. Navy, have served to provide a basis for many later
developments in aviation medicine and physioiogy.

......
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DEFINITIONS AND ETIOLOGIC CLASSIFICATIONS
OF DYSBARISM

PRI IR @

There have been many terms applied to the individual symptoms
and the symptom complex whicn occur when humans are exposed
to alterations of barometric pressure. The first terms were used
in connection with divers and caisson workers. Because the
symptoms were noted to occur on decompression, the syndrome was
termed decompression sickness. When low pressure chambers
came into common use, and when aircraft became capable of
uttaining high altitudes, some of the terms used in describing
divers and caisson workers were also applied to aviators’ symptoms.

Sl AL

Since the termiinology used at the present time may be con-
fusing, it is best to explain the relationship between commonly
used terms and several systems of classification.

Decompression Sickness
L ]

Defined as a syndrome exclusive of hypozia and airsickness,
decompression sickness resilts from a reduction in barometric
pressure and is characterized clinically by a variety of symptoms
including joint pains (bends) ; cough, chest pain, and difficulty in
breathing (chokes) ; vertigo (staggers) ; skin disturbances as rash
ana paresthesia (the itch); and various central nervous system
symptoms such as visual field defects, aphasias, paralyses, ectc.
Decompression sickness occurs in individuals such as divers who
are decompressed from high pressures to normal atmospheric
pressure—as in caisson disease (compressed air illness)—and also
in fiying personnel v'ho are decompressed from sea level pressure
to subatmospheric pressure (altitude decompression sickness).

LY ILRLY daerllle

Some authors have used aero-embolism as a term synonymous

®
? with the above definition of decompression sickness. This defini- g
Y tion, however, considers only one category of symptoms. To in- ;-
clude cther symptoms which occur at altitude, the follcwing 3
classification system is used and has been of tremendous didactic )

value. According to this classification, decompression sickness is B
defined as a syndrome, exclusive of hypoxia and airsickness, re- r
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sulting from a reduction in barometric pressure and characterized
clinically by a variety of symptoms caused by two chief mech-
anisnis—evolution of dissolved gases from solution, and the expan-
gion of trapped gases.

Symptoms resulting from evolved gases (Henry’s law)

1. Bends
2. Chokes

3. Central nervous system symptoms
a. Paresis
b. FParalysis
c. Visual field defects
d. Aphasias
e. Confusion, etc.
f. Sensc.y losses

g. Vertigo

4. Skin disturbances
a. Rash and mottling
b. Paresthesias

c. Edema -

Symptoms resulting from trapped gases (Boyle’s law)

1. Abdominal distention

2. Effects on the ear
a. Barotalgia
b. Barotitis media
c. Barotitis externa

d. Barotraumatic deafness
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3. Barosinusitis
4. Baromastoiditis
5. Barodontalgia (?); mechanism uncertain

It is pertinent to mention again that these s;mptoms should be
thought of in connection with Henry’s law and Boyle's law, and
that the pertinent details of the gas laws have heen previously
considered.

Recently there has been an attempt to formulate a. classification
which would satisfy objections to the term ‘‘decompression sick-
ness.” The chief objection to the term ‘‘decompression sickness”
has been the fact that some of the symptoms included in the
definition, such as barotalgia, are usually the result of recompres-
sion which occurs during descent from altitude rather than from
decompression on ascent to altitude.

The following classification scheme has been proposed based
on the use of a master term dysbarism to replace the term de-
comprecsion Sickness. Two subdivisions of dysbarism are hypo-
barism and hyperbarism.

Dysbarism

This syndron:e. exclusive of hypoxia and airsickness, consists
of those disturbances in the body which result from the existence
of a prescure differential between the total ambient barometric
pressure and the total pressures of dissolved and free gases within
the body tissues, fluids, and cavities.

Hypobarism. Hypobaric disturbances in the body result from
an excess of the gas pressure within the body fluids, tissues, or
cavities over the ambient gas pressure. Examples are:

1. Bends

2. Chokes

3. Vertigo (staggers)

4. Central nervous system symptoms

X e -
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h. Skin disturbance«
. Abdominal distention

7. Barodontalgia (?7)

Hyperbarism. Hyperberic disturbance: result from an excess
of the ambient gas pressure over that within the body fluids,
tissues, and cavities. Examples are:

1. Barotalgia during descent from altitude may occur in an
individual whose pharvngeal orifice of the eustachian tube is
blocked. This blockage prevents the entrance of air from the oral
cavity into the middle ear and results in a differential preasure
across the tympanum since the air pressure in the external auditory
canal is increasing as the descent is made.

2. Barosinusitis pain during descent from altitude is not un-
common if a previous sinusitis exists or an acute upper respiratory
infection causes impairment of pressure equalization.

NOTE: A malfunction of the valvelike structure at the pnaryngeal
orifice of the eustachian tube can also cause barotalgia in a diver who is
compressed to several atmospheres of pressure. If the orifice is closed so
that air cannot enter the middle ear at the same rate that it enters the
external auditory cunal, then a differential pressure is established.

Conditions associated with either hypobarism or hyperbarism

1. Barotalgia

~

2. Barotitis medje

Barotitis externa
4. Barotraumatic deafness
5. Barosinusitis

. Barodontalgia (7)

It is to ve noted that although the term dysbarism is preferable
to thitt of decompression sickness, there is considerable overlap in
the classification of a symptom under the subheadings of hyper-
harism or Lypobarism. This arises from the fact that the ctiologic

7
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mechanigm is such that the symptom may occur either when there
is an excess of the ambient gas pressure over that in the body, or
an excess of the gas pressure within the body over that in the
ambient atmosphere. For example. barotalgia most frequently is
a hyperbaric symptom; that is, the condition usually occurs on
degcent from altitude or in compression of a diver. If the
pharyngeal orifice of the eustachian tube is blocked, however, and
does not allow air to escape from the middle ear during ascer’ to
altitude, then a differential pressure across the tympanum also
results gince the pressure in the middle ear will be greater than
that in the external auditory canal. Pain in the ear occurs,
regardless of the exact mechanism, since in both cases the eardrum
i3 affected. The mechanism of the above symptoms is discussed
more fuliy in separate sections.

Caisson Disease

Caisson disease usually refers to the syndrome produced in
caisson workers as a result of decompression from higher to lower -
pressures, the latter of which is atmospheric or greater. This
term is not applicable to aviation medicine. It is notable, also,
that although the chief symptoms of caisson disease—such as "
bends, chokes, etc.—are hypobaric phenomena, the symptom of
barotalgia i3 most common on compression and is, therefore, due
to hyperbarism.

—

Aero-embolism

In aviation medicine, this term refers to hypobaric phenomena
in which gas bubbles are formed in the blood stream.

Aero-emphysema

In aviation medicine, tnis term refers to hypobaric phenocmena
in which gas bubbles are formed in the tissues.

Pompholyx—A Bubble

The terms pompholyem?t.olism and pompholyemphysema could
be used instead of aero-embolism and aero-emphysema, respective-
ly. Actually, they are more accurate because the term ‘aero”



implies that the bubble has the composition of air, which, as we
shall see later, probably is untrue. However, these more correct
terms have the obvious disadvantage of being unwieldy in aero-
medical reporting.

THEORIES OF ETIOLOGY OF ALTITUDE DYSBARISM

There are two main mechanisms which have been postulated
to explain such features of altitude dysbarism as bends, chokes,
and symptoms of central nervous system origin. For discussion
of the older theories concerning the etiology of symptoms due to
dysbarism occurring on exposure to high atmospheric pressures,
see Hill (129, ch. 7). These mechanisms are: (1) changes in the
circulation; (2) formation of bubbles. As we shall note, there
are differences of opinion concerning the initial phase of the
mechanism, and there may be considerable overlap in various
phases since bubbles can also cause alterations ih the circulation.

Changes in Circulation

Intravascular agglutination theory. Swindle (£33) noted the
presence of nongaseous emboli in the form of a fragile coagulum
which occluded the blood vessels of animals exposed to altitude.
These fine networks were believed to be due to plasma flocculation.
When a clump of this kind was found to occlude a vessel, the in-
jection of India ink showed that the coagulum was capable of
acting as an embolus because the ink did not stain the areas
peripheral to the occluding meshwork. Possibly, there was an
aggregation of erythrocytes in the network (212). There was
also some evidence quoted by Swindle (233) that agglutination
of this type could be an important factor in causing the symptoms
of decompression in divers. According to Swindle, paroxysmal
muscle contraction initiates agglutination. This would correlate
with exacerbation of bends by exercise. Also, individual dif-
ferences in agglutination are common and provide a logical ex-
planation for differences in susceptibility to decompression
gickness. Knisely (159), however, who is very familiar with in
vivo technics of observing the circulating blood of human subjects,
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states that he had never seen decompression to initiate in-
travascular agglutination or to cause an increase in a mild ag-
glutination which was ulready present.

(i ile £

Jacobs and Stewart (145) exposed albino rats to positive pres-
sures from which they were rapidly decompressed. They found
no clear evidence of rouleaux formation of erythrocytes and no
increase in sedimentation rate which should be a function of ag-
glutination. They did observe the blood platelets to form aggre-
gates about small gas bubbles and later to appear as fiee
aggregates in the blood. It wsas suggested that such aggregates
of platelets with or without addition of fibrin could conceivably
lead to occlusion of small vessels in certain regions of the body.
Gersh and Catchpole (87), who used a freezing and drying tech-
nic which should have demonstrated aggregates and flocculates,
failed to find such changes in animals undergoing decompression.

;

Angiospasm theory. Knisely (159) observed directly the scleral

vessels of human subjects at altitude with a binocular-dissecting * ! ':
microscope using strong cross-illumination. He saw no bubbles

in these scleral vessels, but did observe arteriospasm in all in- E
dividuals obove 30,000 feet which, in the ones with overt bends o F
pain, was sufficient to obliterate arteries. Return to ground level ‘

resulted in the return of normal-sized vessels in a variable period
of time. Beginning at 20,000 feet there are increasingly prolonged
spasms of a progressively larger and larger number of arterioles,
particularly in connective tissues and muscles (158).

Prolonged arteriolar spasm was seen in every case in the
20 subjects studied (159) where symptoms of bends or chokes
occurred. Some of the subjects showed various degrees of con-
striction of the venules. Subjects with bends pain have had a
noticeably siower refilling of the nail beds than subjects at
altitude without pain. Some have had nails remain white for
severa]l minutes. Knisel: interprets this s meaning that arteriolar
vasoconstriction is present because, since the venules have valves,
there is no backflow and, hence, the time it takes for a nail to

.'):J;}=J . e

become pink is a rough indication of the total rate of flow through - j
arterioles supplying the nail bed. Parallel to the “nail bed filling ﬁ
"
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time” is the "“arm-vein refilling test” in which a subject at altitude
holds his arm up vertically until the veins are collapsed. The
arm is then held down vertically and the time noted for the great
veins of the hand and forearm to refill. The valves of the veins
prevent backflow so tnat the filling time is a rough indicator of
the total fiow rate through the arterioles toward the end of the
extremity., Subjects with bends pain had a noticeably slower
refilling time than subjects without pain. Knisely believes that the
lowering of temperature in the extremities and the slow refilling
of nail beds and arm veins indicates that bends phenomena are
associated with vascular phenomena.

Reduced rates of blood flow through tissues can produce
hypoxia, and contractions of hypoxic muscles can produce pain. It
is also possible that reduced rates of blood flow through tissues
may permit gas to accumulate and the bubbles developed in or
beside small vessels can obstruct the flow further. In an attempt
to decrease the blood flow through an extremity while at altitude,
Knisely et al. (160) had each of 36 subjects hold an extremity in
a vertical position. Elevation of an extremity either initiated the
pain or, if the pain was already present, made the pain more
severe. These results are in contrast to those in subjects who were
given aminophylline where elevation of the part usually did rot
result in pain (158, 161),

One group of 65 subjects was exposed to 38,000 feet until
symptoms of bends were developed (158). They then descended
to 20,000 feet, and the pain was alleviated. The pains promptly
reappeared on decompression to 38,000 feet. In none of these
subje~ts did the pain fail to reappear. A second group of 41 sub-
jects was taken to 38,000 feet and exercised until they experienced
fairly severe symptoms of bends. Recompression to 20,000 feet
was effected and aminophylline given intravenously after which
ascent to 38,000 feet was again made. Of the 41 subjects, 12 were
free of symptoms and 5 had a return of mild symptoms which
later disappeared. The seemingly important point was that, fre-
quently, the recurrence of pain could be relieved by exercise of the
affected limb.
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That circulntory el{fects are associated witn bends symptoms
is indicated by a number of other irvestigations. Evelyn (71)
noted that occasionally the joint affected by bends seemed to be
colder than the corresponding opposite joint. Stewart et al. (230)
noted that, in most of the instances recorded, the hand temperature
of a limb affected by bends was lower than in the other hand.
Fulton, quoted by Knisely et al. (160), reported that the pulse
volume of the fingers of subjects exposed to low pressures has
been found decreased in the majority of flights. This decrease
often develops some time before bends pain becomes evident which
indicotes that the peripheral circulation is markedly diminished
by ascents to high altitude. Tobias et al. (242-244) showed that
in subjects exposed to an altitude of 38,000 feet there was usually
a slow, gradual drop in skin temperature. The temperature fall is
usually faster in individuals who develop decompression sickness.
Of 1& subjects with the highest hand temperature, only 2 were
forced to descend beca'ise of incapacitating symptoms. Of 18 sub-
jects having the lowest hand temperatures, 13 were forced to
descend (243). XKaufman et al. (155) concluded from 66 man-
flights to 38,000 feet that digital blood flow, as measured by an
impedance technic, is sensitive to decompression to that altitude.
The least reduction in digital blood flow was observed in subjects
who sat quietly at rest at 38,000 feet. The greatest reduction was
observed in subjects who exercised at altitude and who had not
previously denitrogenated. If the subjects den.trogene:ed at
ground level for 50 minutes before ascent to 38,000 feet and then
exerc’sed at that altitude, there was a reduction of digital blood
flow comparable to the tests in which they sat quietly. It was
also recorded by these authors that the reduction in blood flow
often occurs before any other signs of decompression sickness
appear, and that there wus good correlation in the extent of the
reduction of digital flow and the duration of time the subject
tolerated the altitude. Under all the procedures studied, the digital
blood flow was reduced sharply in the first 30 minutes at 38,009
feet with further reduction being effected up to the 100-minute
point, at which time the experiment was terminated. Descent to
ground level did not effect an immediate return to normal digital
flow values, but the average recovery was fairly prompt. Lazarow
et al. (165) noted the vasoconstriction in frogs at high altitude
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and decreascd rates of blood flow through tissues although no
bubbles were seen. Since the animals were anesthetized the
vasoconstriction could not be attributed to pain. Vasoconstriction
which occurred at altitude in rabbits and goats was not considered
to he related to bubble formation in another series of tests (194).

Une difficulty in studying the mechanism of bends has been
occasioned by the fact that small animals are relatively refractory
to bubble formation. The reason for this is probably a matte: of
a faster circulation and a larger circulatory bed resulting in better
denitrogenation. Air can be injected into the nutrient artery of
the hone or into the medullary cavity of bone in a dog, but no
bubbles will be seen by x-ray at ground level. 1n a series of
experiments (144), 5 cc. of air were injected into the femoral
artery of 10 dogs. No gas was seen by x-ray at ground level.
Within 5 minutes the animals were taken to 40,000 feet and the
gas had expanded sufficiently to be visualized in the veins. Most
important is the fact that 4 animals died as a result of pulmonary
embolism:.

The circulation problem may have been partially resolved by
the introduction of a technic recently reported by Ivy and Wedral
(144). In attempting to study bubble formation in dogs, they have
theorized that one method of promoting bubble formation would
be to reduce the blood pressure for extended intervals of time.
This has been accomplished by the administration of Witte's
peptone in amounts sufficient to keep the blood pressure at a low
level. Exposure of the treated animals to altitude has resulted in
the uniform production of bubbles. This method, or modifications
thereof, promises to help elucidate the mechanism of bends, chokes,
and perhaps central nervous system disturbances. Even if the
technic were complicated by numerous questions concerning the
other possible actions of Witte’s peptone besides lowering the
blood pressure, valuable information should be forthcoming.

There are at least several lines of indirect evidence that
angiospasm may be the case of symptoms at altitude which ap-
pear to be of central nervo s system origin.. First is the matter
of delayed reactions which 11ay occur after exposures to altitude.
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Pre<umably, the bubbles have redissolved by that time and, cer-
tuinly, the use of the angiospasm theory to explain temporary
vigiial defects, paresis, and paralysis is attractive because it is well
known that reflex autonomic nervous system effects may cause
severe anglospasmg which endure for considerable lengths of time.
In this connection, the syndrome of scotoma and headache was
expliained by reflex vascular changes in one series of experiments
(67). Concepts of angiospasm in this latter category will be dis-
cussed more fully in the special report on ‘“Neurocirculatory Col-
lapse at Altitude” (by H. F. Adler, USAF School of Aviation
Medicine, June 1950).

Blood sludging caused by ischemic hypoxia due to vascular
occlusion by gas bubbles may be a part nf the mechanism of bends
pain (66, 233, 248). As mentioned previously, vasoconstriction
may e an important part of the mechanism. It has been noted
to occur in 1rogs (165, 195) and man (160), although Reed and
Blinks (195) did not believe that the vasoconstriction was relaced
to bubble formation and Patek et al. (186) noted sludging of blood
in cats but did not report vasoconstriction.

Smith :nd Manning (219) made a cardiovascular study of
6 subjects ~xposed seven times to 35,000 feet for 3 hours. The
electrocardingrams of the 2 most susceptible subjects showed
some lengthening of the P-R interval following the exposures, and
the most susceptible subject showed a marked lowering of the
T-wave which may have been due to hypoxia. No other changes
were noted. These findings could be significant since they cor-
relate a lab:le cardiovascular system with symptoms of dysbarism.

If the 1 «in of bends may be compared to the pathologic type
of pain which occurs when local circulatory changes produce
ischemia, then, according to the concepts of Lewis (167), local
chemical = hstances ma; be elaborated by the injured tissues
and produc pain. The chemical nature of the local substances
preduced is unknown, but along with the concept of a “pain sub-
stance’ it 1 :as been postulated that local changes in injured tissue
may result in a decreased threshold of nerves for pain (166).
Further, the local tissue change through axon and other reflexes
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may possibly cause hyperalges.a of large areas supplied by other
branches of the nerve trunk. Thus, the effect of un initial
stimulus in a small regior. may be that of producing pain referred
to &4 much larger area. Because individuals differ in their pain
tolerance, it could be postulated that the matter of “biochemical
irdividuality” determines the amount of “pain substance’ produced
or its quantitative or qualitative effects.

Electrolyte shift theory. Larkin and Watts (162) nroposed a
theory which ascribed bends to a shift of electrolytes in the body
so that water was also shifted to the intercellular fluid. This,
in effect, produced a syndrome similar to surgical shock and also
similar to the mechanisms producing “miner’s cramps’” when ions
are lost and water shifts into the tissues. Investigation of the
actual blood chemistry was not performed in the subjects exposed
to altitude. In an attempt to prevent a shift of electrolytes, sub-
jects were exposed to 35,000 feet for 90 minutes with a standard
exercise after a 7- to 10-day period in which calcium lactate,
vitamins A and D, and 7.6 gm. of NaCl were given in addition
to regular foods. According to the data, there was &a increased
resistance to hends in this group of tests as compared to the con-
trols. They also reported that 2 subjects who usually drank large
quantities of milk were the most resistant subjects to bends tt.at
they had ever seen. The studies by Warwick (249, 250) could be
interpreted to support the electrolyte theory. By forcing fluids
on 2 subjects who were highly susceptible to bends at 35,000 feet,
one showed a marked increase in resistance to bends for 5 days
while the second subject demonstrated a lesser degree of protection.
When 2 subjects who were highly resistant to bends voluntarily
restricted their fluid intake for 6 days there was a progressive
increase in susceptibility to bends which disappeared when normul
fluid intake was again ermitted. On the basis of 17 subjects
who made chamber ascents, on 14 consecutive days, to 35,000 feet
for 3 hours, Warwick (249 found that the incidence of symptoms
was significantly higher in those who had low urine outputs as
compared with those with high urine outputs.

The above tests by Larkin and Watts were duplicated at
38,000 feet for 2 hours with a similar exercise on 7 individuals who
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had been repeatedly exposed to altitude (143). The incidence of
bends wus well known in these subjects since they had served as
subjects on many types of experiments. The results of the tests
with the salts and milk in these subjects showed no significant
decrease in bends symptoms. If anything, the incidence was
slightly increased. In summary, it may be indicated that the
crucial blood studies and differentiation of various factors which
are concerned with bends have not been studied adequately enough
to completely void the idza that electrolyte changes do occur and
contribute to some of the manifestations of altitude dysbarism.
In this connection, collapse at altitude or after descent from
altitude may be attended by a shock syndrome. Electrolyte altera-
tion could be & factor in these instances.

Formation of Bubbles

The greatest amount of evidence has accumulated in favor of
bubbles being a primary cause of such manifestations of dysbarism
as bends, chckes, vertigo, central nervous system symptoms, and
skin disturbances. Since this theory has the most support, we
shall examine its various aspects in consideraule detail.

Parallelism between bubbles and symptoms. In general, there
is a significant relationship between the symptoms of dysbarism
and the presence of bubbles as seen by x-ray (43, 70-72, 94, 238,
252). In nian, ‘he higher the altitude attained, the greater the
incidence of bends, chokes, etc. Correlated with this is the fact
that more and larger bubbles are noted in both man and animals
when decompression is effected to very high altitudes as compared
to lower altitudes. Also, in caisson disease, the greater the dif-
ferential pressure range through which decompression takes place,
the more bubbles formed and the more severe are the symptoms.
In man, exercise at altitude greatly increases the incidence of bends
and chokes. In animals, it has been shown that exercise at altitude
may greatly stimulate the formation of bubbles (177, 2564, 255).

Obese individuals are more susceptibie to bends symptoms at
altitude and also to caisson disease. In correlation, nitrogen is
about 5.3 times more soluble in fatty tissues than in other body
fluids such as blood (25, 34).
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Ir man, denitrogenation by breuthing 1009 oxygen before
ascent to a:titude is highly protective against altitude bends and
chokes; and in animals, denitrogenation reduces “ubpble formution
Likewise, denitrogenation protects against caisson disease,

The bubble theory explains the effectiveness of recompression
in the treatment of bends in caisson disease in divers. It also
explaing the effectiveness of descent from high altitude in relieving
symptoms of aysbarism in aviators. In bcth instances, the bubble
gsize is reduced and symptoms usually relieved.

A definite correlation has been found between the incidence of
caisson disease and the theoretic saturation of tissues with
nitrogen (213). In this connection it should be remembered that
when the caisson worker is subjected to increased pressures for
short periods, the amount of dissolved nitrogen in his body is far
less than that which he would have if equilibrium were attained.
It may take several hours for the less accessible tissues =nd
cerebrospinal fluid to become completely saturated and in equilib-
rium with the increased pressure of his environment. On some
occasions bubbles can actually be palpated in the skin and be caused
to move by exertion of pressure.

Discrepancies in the bubble theory. Several questions have
been raised as to whether the occurrence of bubbles exylains the
obsarved phenomena adequately. If symptoms are caused by
bubbles, then an explanation is needed as to why there may be a
considerable delay in the appearance of symptoms when the min-
imum altitudes for bubble formation are attained (233), and why
some symptoms may persist long after descent. In some instances,
bends has been absent at the peak altitude but was experienced
during descent (203).

Subjects at altitude have experienced bends in an extremity
when no definite bubbles could be visualized by the roentgeno-
graphic technic. Conversely, x-ray sometimes demonstrates the
presence of large collections of gas bubbles even when the subject
shows no symptoms of bends (43, 252).
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Differences in susceptibility to bends between different in-
dividuals, and even in "he same individual on separate exposures,
are often very marked. This fact is difficult to explain on the
basis of the amount of nitrogen dissolved in the body, differences
in the rate of nitrogen elimination, circulation factors, etc. .

The difficulty of demonstrating absolutely that bends, chokes,
and central nervous system symptoms are caused by bubbles is
one which arises from the lack of suitable technics applicable to

; man. [t is possible to explain many of the apparent discrepancies,
but obtaining the actual proof of the etiologic mechanism in any
; single instance would be a formidable task. With our present
knowindge we can only indicate that a combination of the bubble

A
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: and angiospasm mechanisms offers a sufficient theoretic basis o
K for explaining most of the phenomena. For example, in the in- R
. stance of delayed appearance of symptoms, several lines of evidence 2
1 may be cited. When rats were rapidly decompressed from several X
: atmospheres of pressure to 1 atmosphere, the increase in size of %
. bubbles progressed during the first huur after decompression to b
i the point where the blood eventually became a froth (145). This _
g mechanism could explain the delayed symptoms occurring in hu- ;
) mans at altitude, but whether it operates in this case is uncertain. ) d
L. As mentioned previously, angiospasm—either occurring alone, in o
1 cenjunction with, or as a result of bubbles—may explain any

delay of symptoms, depending upoin the location and degree of
ischemia. However, if angiospasm alone is responsible and bubbles
are not a part of the etiologic mechanism, it is difficult to see why

: denitrogenation is so effective in preventing bends and chokes and

why recompression is so immediately effective in the treatment of :
. caisson disease. [
\ :
2 In & few instances, bends was absent at the peak altitude but ﬂ
, was experienced during descent (203). This unusual phenomenon 3
- may reasonably be explained by postulating that, as the descent Zi
" took pliace, the bubbles, whether intravascular or extravascular, ‘s
b vecame smaller. As they decreased in size, they could have moved ;L]
- with greater ease to a different and more sensitive area and
2 producesd the pain. In several x-ray studies some individuals had -

r s

hends in locations where no bubbles were readily evident and others
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manifested no bends symptoms in areas which showed large col-
lections of gas (43, 70, 85, 238). These findings may be inter-
preted as meaning that a small bubble in a “critical focus” or
very sensitive area could produce severe symptoms, whereas larger
bubbles in less sensitive foci may produce few or no symptoms.
Further, the absence of detectable collections of gas by the x-ray
technic does not necessarily mean that small bubbles could not be
present.  Obviously, angiospasm with ischemic pain could also
explain the phenomena and similarly would remain undetected by
roentgenograms unless special vessel-visualizing technics were
used. If angiospasm and the resulting ischemia were primarily
responsible for the pain, however, some further explanation may
be necessary to account for the findings in several series of tests
at altitude that pressure, as by arterial tourniquet, hydrostatic
pressure, etc., will temporarily alleviate the pain of bends (10, 80).

Physical and phxsiologic aspects. When a gas is in contact
with a liquid, the iension of dissolved gas is direttly proportional
to the partial pressure of the gas over the liquid. If the partial
pressure of the gas over the liquid is slowly reduced, the gas will
slowly diffuse out of the liquid so that the tension of gas in the
liquid tends to remain in equilibrium with the partial pressure of
the free gas above. If the partial pressure of the gas is reduced
suddenly, the pressure of dissolved gas in the medium exceeds the
tension of gas with which it is in equilibrium and the solution is
supersaturated. When the tension of dissolved gas equals o ex-
ceeds the barometric pressure, bubbling can occur theoretically.
Expressed algebraically, bubbling can occur when:

Tension of gas (t) = Barometric pressure (B)

Dividing both sides of the equation by B, we obtain a ratio which
states that bubbling can occur when the gas tension divided by
the barometric pressure is equal to or greater than 1.

(t) Gas = B

(1) Gas (B)

= 1or »1

B (B)




\ Applyving this equation to nitrogen, we ccnsider that the tension
s of nitrogren in the body at sea level is about 570 mm. Hg in arterial
blood, for example; hence,

| 570
| ——l—i = 1,and, B = 570 mm. Hg

Thus, when B equals 570 mm. Hg, which is equivalent to about
7,744 feet pressure altitude, the body nitrogen tension is equal to
the barometric pressure and, theoretically at least, bubbling can
take place. Actually, bubbles are not seen at these low altitudes,
especiilly in small animals. In man, bubbles have been shown to
be present by x-ray ai all altitudes abore 20,000 feet (70-72). This
implies that before bubbling occurs, the nitrogen tension must
equal the barometric pressure plus some factor X; that is, X

. o
LI W &

° represents unknown factors which prevent bubbling. This may be
expressed algebraically as follows:
2 pGas =B + X
. Dividing both sides of the equation by B 4+ X we get an equation
called the critical ratio for bubble formation. .
» p Gas _ B+ X
) B+X B+X
' p Gas
= 1or > 1 = critical ratio
B+ X

It will be noted that we have referred to nitrogen gas as being
chiefly concerned with bubble formation because it is the gas
which has the greatest tension. Nitrogen gas is considered inert
and does not enter into metabolism as do carbon dioxide and oxygen
and, hence, cannot be disposed of easily under some conditions.

Since carbon dioxide has a tension in venous blood of about
47 mm. Hg, it theoretically would not bubble below approximately
63,000 feet. The tension of carbon dioxide in local tissues may be
; higher than 47 mm. Hg and this factor could influence bubble
growth locally.
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Considered separately, water at body temperature having i vapor
ten-ton of 47 mm. He would not boil below 63,000 feet, and venous
or tissue oxyyen having a lower tension would probably not bubble
below 67,000 feet ir a local region where its tension 18 about 40
mm. Hy. However, once bubbles of any type are formed, their
composition could be greatly altered by the diffusion of various
pases mto them, and this probebly happens, especially in bubbles
produced at altitude.

Concepts of bubble formation are given for orientation and
to emphasize that gas tensions do play an important role in bubble
formation. However, the mechanism as given is far too simple.
A compilation of some of the more recent studies which have
contributed to our knowledge of bubble formation will serve to
present a better analysis of the problem.

There are a number of physical and physiologic factors which
will govern bubble formation during decompression. In a series
of papers (117-122, 176, 257), Harvey and associates have discussed
these factors in detail.

The complexity of the problem can only be realized by a perusal
of their reports and those of a number of other investigators
(19, 52, 85, 87, 88, 165, 194). Some of this work has been sum-
marized by Catchpoic and Gersh (50). In the present discussion
we wixh only to present some of the more positive considerations.

By using an equation introduced by Harvey et al. (119), which
considers the factor of hydrostatic pressure in addition to gas
tensions, we may expand the concept concerning the tendency of
gases to bubble and leave the liquid phase. This equation is:

>
.
-
»
LY

.1
9
.1
o
.

MP=-t - P -
L »
in which -
K
AP = the differential pressure or tendency for gas to leave the liquid :
phase I

t — total tension of gas in the medium SO

L 4
Levied

P = the absolute pressure (i.e., the total pressures of gases in the
g body plus the hvdrostatic pressure)

; ‘gﬂ
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Arterial AP at Sea Level. In the above equation, ¢t would
have a value of 760 mm. Hg at sea level, and the absolute pressure

(P) in this artery at <ea level, if we assume an arterial blood
pressure of 125 mm. Hyg, would be 760 4 125 = 885 mm. Hy.
Therefore, the equation would read: L

AP = 760 — (760 + 125)
AP = —125 mm. Hg . @
Great Vein AP at Sca Level. If we assume for simplicity that

the value of t for venous blood is 760 mm. Hg and if we consider
the blood pressure of a great vein in the chest to be 0 mm. Hg,

then:
AP = 760 — (760 4- 0)
AP =0
As can be seen in the above equations, AP in the artery at .

sea level is negative. This means that there is no tendency toward
bubbling, and the blood pressure of 125 mm. Hg may be thought
of as a hydrostatic pressure helping to keep gas in solution.

At sea level, the AP of a large vein approaches zero. The same
would also be true of tissues.

In the equation AP = t — P the important concept to keep
in mind is that, as the differential pressure (AP) becomes positive,
there will be an increased tendency for gas to leave a liquid and
form bubbles. The differential pressure can be caused to approach
zero or become positive, thus favoring bubble formation by:

1. Increasing the value of t.

2. Decreasing the 760 mm. Hg total pressure of gases cn the body.

3. Decreasing the hydrostatic pressure.
Let is examine each of these three factors to give sume

idez of what tho differential pressure could be if the individual
factors varied.

&2

- - - - \- - . \- \- - \n \.- -.\-. -.' -._ -.\.-\-.\ ----- .‘. L) - v LAl % ¥, W,

- - - \ .
1l 7 “a .-r.h N AT A ¢ Alata YA Taata A.{A_ L\L\._xL'(L-(‘_foLxL-{'u :(L\:-lm_xL ad




o 1._'(.'(" e 'J'..I'-I _./.'-'_"
IS FS PN T B W S MW

Gas tension (t)

Suppose that in a local region of the body, as in fatty tissue,
the tension of gas (t) remains high (760 mm. Hg) while the total
pressure to which the bodyv is exposed is reduced. The tension
of yas in fatty tissue with a poor circulation would have a tendency
to remain high., The result would be a shift of AP toward zero
and & promotion of bubble formation. The value of t can be
increased locally by the local production of carbon dioxide, as in
muscular exercise, and a4 high local Pco, would rapidly increase
the size of any bubble which was formed because of its rapid
diffusion and high solubility characteristics (50, 119). The local
tension of gas (t) would tend to remain high during very rapid
ascents to altitude.

Absolute pressure

As indicated above, the absolute pressure (P) consists of two
components: the total pressure of guses (760 mm. Hg at sea level)
and the hydrostatic pressure in the artery, vein, or tissue.

The total gas pressure on the body and, hence, in the body,
can be reduced by ascent to altitude. For example, on very rapid
ascent to 5,000 feet (about u35 mm. Hg) the differential pressure
(AP) in an artery with a hydrostatic pressure of 125 mm. would
be approximately zero, whereas AP in a large vein with a hydro-
static pressure of 0 mm. Hg would be positive.

Artery AP = 760 — (635 4+ 125) = 0
Vein AP = 760 — (635 + 0) = +125

This means that at this altitude, and according to this theoretic
treatment, there would be little tendency for bubbles to form in
arteries, but there would be a possibility for bubbling in veins and
tissues.

As before, however, there is no evidence of bubbling at these
low altitudes and many factors must be considered. One of these
factors is the rapidity with which various tissues reach gaseous

ond . o g A
equilibrium with the ambient atmospheric pressure.
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Arterial blood, for example, rapidly reaches equilibrium with
alveolar air. Because of this fact it was necessary to postulate
that “very rapid ascent’” was made to 7,744 feet (the value used
in the first simplified analvsis) since, if the ascent were made
slowly, the ¢t value of gas in arterial blood would have time to
fall just as the total pre:sure factor of P were falling and, hence,
the differential pressure would not approach zero. In the section
on denitrogenation we shall see that the blood stream exchanges
gases very rapidly as compared to other tissues. Obhviously, how-
ever, if the value of t in fatty tissue remains high because of
poor gas exchange, then on ascent to altitude bubble formation
will be facilitated in fatty tissues as compared to arterial blood,
venous blood, or other tissues with less fat and better circulation.

Until now we have discussed only hydrostatic pressure of
4125 mm. Hg and 0 mm. Hg. It has been indicated also that
a decreased hydrostatic pressure causes the differential pressure
(AP) to approach zero; this favors bubble formation. In addition,
however, there are instances when the hydrostatic pressure may
be lowered rather quickly in a local region by increases in
mechanical tensions (117). During muscle contractions, for ex-
ample, local mechanical tensions may develop. Relatively small
“pulls’’ on a hydrophobic surfac: ir. a very small area can produce
a relatively great mechanical tension which reduces the hydro-
static pressure factor and causes the differential pressure not only
to approach zero but also to become positive. These local mechan-
ical tensions developed in muscles may be likened to the action
of a ‘“suction cup” in produ:ing a local area of greatly reduced
pressure. Under these cond’tions, bubbles could easily be formed
locally in muscles which were being exercised.

We must realize also that the differential pressure (AP) can
be theoretically calculated for a local area, for the entire body
AP really represents a complicated aggregate of the various
differential pressures which exist in the local regions.

As a further note of caution, we need only point out that in
order to present the information as simply as possible, the dif-
ferential pressure (AP) in the preceding discussion has been shown
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to be affected by only a few factors. Actually, in physical systems,
such factors as Reynolds’s cavitation, contact angles between bub-
bles and hydrophilic and hydrophobic surfaces, pressure pulses,
sound waves, Bernoulli effects, turbulence, suprasonics, etc., may
be or are important in bubble formaticn (117). In physiologic
svstems, stretching, cutting, and acute crushing of tissue alters
mechanical tensions and, hence, changes the hydrostatic factor of
P. Similarly, blood flow and, thus, gas exchange, as affected by
vasoconstriction and vasodilatation in local areas, may exert their
particular effects on the tendency of a tissue to form bubbles.

Size and composition of bubbles. It is generally accepted that
it is more dangerous for the diver or caisson worker to be decom-
pressed from 5 atmospheres of pressure (3,800 mm. Hg) to 1 at-
mosphere (760 mm. Hg) than for the aviator to be decompressed
from 1 to 15 atmosphere (152 mm. Hg). Although some of the
reasous for this fact would seem to be obvious, others need
discussion.

As first consideration, we can show by formula that bubble
volume will be the same when the individual is decompressed from
5 atmospheres to 1, as it would be on decompression from 1 to
1= atmosphere.

in which

V, = the final volume

P, = the initial pressure

V, = the initial volume

P, = the final pressure

In the case of the bubbie formed on decompression from 5 at-
mospheres ta 1 atmospriere:

‘ 3800 - V,
v, = ——W_ = O times Vl




= 3

TS e

vhich " 0ows that the bubble volume (V,) will have increased five
times.

In t'» case of the bubble formed on decompression from 1 to
Voatme here:
760 -V,

V. oo —-
) 152

= b times V,

which il<o shows that the bubble volume (V.) will have increased
five times,

At 71+ point it should be indicated that it is the bubble volume
which +ill produce the pathologic effecte; hence, if the bubble
volume in the two instances is the same, then we must seek further
for an nswer to the question as to why decompression is more
dangerous in the case of diver or caisson worker than in the
aviator.

There are probably sever:] possible explanations. More bubbles
are formed on decompression from high pressures (120, 188). The
number of bubbles per unit volume of fatty tissue increases as
animal- are decompressed from greater and greater pressures (88).
It is al o true that even though the volumes may be the same,
the wei:'nt of each bubble formed in the case of the diver is much
greater, since by weight he has about five times as many molecules
in each bibble. The reason why the individual decompressed from
5 atmo-pheres would have more bubbles is that in order for a
bubble to be stable it has to have a critical radius and a certain
number of molecules (183). In the case of the diver, the theoretic
critical radius and number of molecules necessary to form a stable
bubble is less than for the aviator. Since the diver has more
molecules of gas in solution, it is more likely that sufficient
molecules will congregate to form bubbles than in the aviator
where more molecules have to assemble from a larger field which
is less densely populated. Piccard (188) calculated that the in-
dividual being decompressed from 5 atmospheres to 1 forced a
bubble when 27.6 million gas molecules met, whereas the number
necessary on decompression from 1 to 14 atmospheres is 690 million.
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A second important factor may be that the bubble formned
g in the case of the diver consists chiefly of nitrogen, which is high
i1 both percentage and tension. It is relatively difficult for the

5 body to get rid of nitrogen because it is an inert gas; therefore,
r the stability of the bubble is probably increased. In experiments
> on cats (182) it was shown that the intravenous injection of air
’ produced far more stable gaseous emboli than oxygen injected

- by the same route. In comparison, the bubble formed at altitude
will be chiefly composed finally of gases other than nitrogen,
and the body can more easily dispose of the oxyvgen and carbon
dioxide fractions since they are metabolic gases.

In addition to these factors, several important circun.stances
operiate to make altitude dysbarism less dangerous than diver's
or caisson disease. Altitude dysbarism is alleviated by descent
from altitude, whereas in diver’'s and in caisson disease, symptoms
are produced by ascent to sea level pressures. In other wordls, the
syvmptoms of altitude dysbarism are ameliorated when the in-
dividual returns to his habitual environment, whereas the divers’
and caisson workers' symptoms are produced when they attempt
to return to their habitual environment. The latter individuals
are likely to avoid treatment if they believe the syvmptoms are
mild and, hence, are prone to suffer more severe and even per-
manent damage because of their unwillingness to speud several
hceurs to be recompressed and then decompressed slowly. Un-
doubtedly, this has contributed to the larger number of more
serio.s reactions on decompression. As Behnke (26) indicated,
'3 central nervous system symptoms, as of the spinal cord, are
. rare in ascents to altitide and there is a rapid amelioration of
symptoms when descent is effected. This is not true of caisson
g workers where patholocy ‘n the spinal cord and brain are com-
mon (129).
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. Bubbles in altitude dvsharism. The first consideration in vutble
formation is to assume the existence of “gas nuclei’” because, for
g bubbles to form de norvo, 2 differential pressure of 100 to 1,000
. atmospheres is ni eded. However, at a hydrophobic surface, bubbles
\ ‘an form de norvo under certain conditions of locally produced,

< 5 . . o
v very large differential pressures caused by changes in mechanical
:
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tension. The gas nucler are thought to be located in blood ves-
sels (122), especially on the walls, and these nuclei are probably
present or formed on the surface of cells rather than in liquid (117).

The second consideration in bubble formation is that when
such gas nuclei are present, the differential encountered at altitude
could produce bubbles. In theory and in fatty tissues, the initial
bubbles formed at altitude would mainly consist of nitrogen. Arm-
strong (12) showed in gr-ats that the composition of the bubbles
in venous blood did not show as much nitrogen as was generally
accepted in theoretic calculations. In blood from the jugular vein,
the bubbles he found had 6.7% oxygen, 28.3% carbon dioxide,
and 65.0% nitrogen. In the right ventricle of the heart, the
analysis revealed 11.47: oxygen, 28.3% carbon dioxide, and 60.3 7
nitrogen.

As a third consideration, if we examine the above analysis in
the light of present-day thought on the composition of bubbles, it
may be said that they, too, may represent only a momentary per-
centage composition. Once a gas nucleus is present in any area,
then the composition of a bubble will depend largely upon the
gases in close proximity. Carbon dioxide has been considered
as a special facilitator of bubble formation (116, 177), not so much
because of rapid diffusion, but owing to its high solubility
characteristics. In any local *issue, the tension of carbon dioxide
may be only slightly higher than 47 mm. Hg, but the total amount
present may be considerable. It may be the chief constituent of
a bubble in a local area. If this bubble then moves to a carbon
dioxide-poor, nuitrogen-rich region, cairbon dioxide will diffuse
out and nitrogen diffuse in, leaving the bubble composed chiefly
of nitrogen. However, because carbon dioxide is diffusible and
soluble, it may in any local region cause a bubble to enlarge in
size very rapidly. This was demonstrated in a model (117) which
consisted of layers of water, each layer alternately saturated with
air or carbon dioxide at 1 atmosphere of pressure. When small
bubbles moved from the air stratuni, they rapidly increased in size
on reaching the carbon dioxide layer and just as rapidly decreased
in size as they passed into a new region of air-saturated water.

It shiould be made clear that under most conditions, carbon dioxide )
)
|
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merely contributes to the growth of bubbles already formed. This
point is stressed because the fact remains that denitrogenation of
the body, as by breathing 1009 oxygen, reduces bubble formation
by reducing the PN.. There is no significant change in the values
3 of ciarbon dioxide in the various tissues since this gas is being
9 produced metabolically and, in local areas of muscular activity, i3
i beingr produced in relatively large quantities, thus favoring the
’ growth of bubbles in such regions. From this it should be obvious

that the composition of bubbles may change very easily. It would
: be safe to say that they would contain variable amounts of oxygen,
nitrogen, carbon dioride, and water vapor, depending upon the
amounts of these gases at the site of bubble growth and the
amounts in any new region to which the bubble migrates. The
bubble will contain water vapor because, at body temperature,
the water vapor would have a pressure of 47 mm. Hg and would
be present in all regions of the body.

Pl iy 2,

S
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As an example of this, let us assume that a gas nucleus is
present in a local region of the body at 38,400 feet (152 mm. Hg).
Let us further assume that the bubble at first is composed of pure
nitrogen; hence, initially, the bubble has a nitrogen tension of

. 152 mm. Hg. If we disregard the hydrostatic pressure and other
: factors and consider only the theoretic tissue tensions of water
. vapor, carbon dioxide, and oxygen, besides nitrogen, then we may
> say that into this pure nitrogen bubble will come:

5
. H,0 vapor (mm. Hg) = 47/162 = 319 by volume

L CO, (mm. Hg) = 40/152 = 26.37¢ by volume

0

a O, (mm. Hg) = 40/152 = 26.3°% by volume

3

',‘; Subtotal = 127/152 = 83.6% by volume

N, (mm. Hg) = 25/152 = 16.4° by volume at equilibrium

The conclusion is that in this local region the bubble will be

composed mainly of gases other than nitrogen when equilibrium
takes place. If the bubble moved to other regions locally rich
in carbon dioxide, then this gas especially would quickly diffuse

% into the bubbles altering the composition.

#
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Bubbles in caisson disease. It is of interest to examine Lhe
theoretic differences between bubbles formed at  altitude and
tho~e rormed during «ccompressions from high pressures. When
an codividual 1s exposed to 5 atmospheres of air pressure, his
an.brent enviionmental pressure will be 5 » 760 = 3,800 mm. Hg.
The Dlood and tissues may require about an hour to saturate
with mtrogen according to Dalton's law (130). Carbon dioxide
tensions, however, are a special problem for several reasons. The
first is that when the I’0, is very high, there may be interference
with carbon dioxide transport by the hemoglobin, and carbon
dioxide may accumulate locally in tissues. This concept will be
further expanded in a section dealing with the toxic effects of
oxygen.  The second reason is that the Pco., will be prevented
from getting too high in the body because a high Pco, in arterial
blood stimulates respiration until it is reduced. Further, even
under the increased pressure of 3,800 mm. Hg, the small percentage
(0.03'.) of carbon dioxide in inspired air would result in very
little increase of its tension. The only time carbon dioxide is a
factor in any discomforts experienced by divers or caisson workers
is when the ventilation of the helmet or chamber is 30 poor that
the carbon dioxide in expired air accumulates (26).

Trere is little question, however, that the amount of nitrogen
and oxvgen dissolved in the blood and tissues will be increased
when these gases are dissolved in the body at 5 atmospheres of
air pressure. As indicated previously, the tension of nitrogen in
fatty tissues would, at equilibrium, be the same as in other tissues,
but since nitrogen is about five times more soluble in fat than in
bloud, the total quantity of nitrogen contained by fatty regions
would be relatively great. On decompression from 5 atmospheres
of air pressure, nitrogen would be the chief constituent of bubbles
because, while oxygen and carbon dioxide are present, the amount
of nitrogen is proportionately a great deal larger. Even the
theoretic tensions of oxvgen and carbon dioxide in tissues are dif-
ficult to caleulate bocause they are metabolic gases. However, by
using the alveolar equition we can approximate the tensions of
oxvyen in alveolar air and, hence, in arterial blood.

30
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Table T shows the theoretic tensson of gases in the arterial
blood at 5, 1, and 15 atmospheres.

TABLE 1

Theoretic tenston of gases in arterial blood ot the bLody

Pressure
(mm. Hg) Pu .ot Pco, | Po, PN, Comment
152 (1 5 atm.) 17 3K 65 Trace Breathing 100 . oxvyen
760 (1 atm.) 47 40 103 570 Breathing air
3,800 (5 atm.) 1. 47 40 741 2,972 Breathing air

According 1» the alveolar equation (using an RQ of 0.82) the
tension of dissolved oxvgen in the arterial blood at 5 atmospheres
of air pressure would be about 741 mm. Hg. The Pco. is given
as 40 mm. Hg because increased respiration would reduce its value
if there was a tendency for its tension to rise. The most important
things to note are the relatively large PN, of 2,972 mm. Hg as
compared to 570 mm. Hg at sea level and the “trace’” of nitrogen
in arterial blood at an altitude equivalent to 152 mm. Hg. The
latter PN. would depend on the period of denitrogenation before
reaching altitude. Although the values shown in the table are
given for arterial blood gas tensions, they do indicate that the
bubbles which are formed during decompressions from 5 atmos-
pheres to 1 atmosphere would be composed largely of nitrogen,
whereas those formed on decompression from 1 to !5 atmospheres
would very likely, even in the tissues, be composed of guases other
than nitrogen when equilibrium was atlained. It should be noted
that this does not negate our previous statement that the initicl
bubble formed at altitude could be composed mainly of nitrogen
gas.

[.et us assume that a gas nucieus was present and that a bubble
o was formed in the arterial blood stream on rapid decompiession
: from 5 atmosphzres of pressure te 1 atmosphere. If we use the

....................................................
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vilue o yaven in table 1. the theoretic comiposition of the bubble
wonld be:

R R e 4

3 O vaper o, Hye 1o om0 1.2 by volume
o COomm Iy 101800 1.07 by volume
O mm. T41/3,500 19.5°¢ by volume
A N.omm. Hy 2,072 3,800 — 78.37% Ly volume
\ The ~onclusion is that this gas bubble woula be composed mainly
153

of nitrogen when the decompression is made from 5 atmospheres
to 1 atmosphere,

2 GRADING OF SYMPTOMS

@

Jl

v Before beginning a discussion of the individual symptoms

% which, collectively, constitute altitude dysbarism, we can grade

4 these symptoms according to severity. Several different schemes

1. . . .

¢ of grading svmptoms have been used. In our discussions we shall

-, use a sligrht modification of the system adopted by Gray (103) and

", used to classify Randolph Field data.

R (yrade 1. Pain symptoms which disappear after a time at altitude or are
intermittent, even thouzh the individual does not descend to an altitude below

g that where they appeared.

': Grade 2. Pain symptoms which persist as long as the individual remains

_ at or above the altitude where they appeared, but which are not, themselves,

K severe enough ‘o force descent.

-

"‘ « .

-;. Gradc 3. Pain symptoms which are severe enough to force premature

> descent from the altitude at which they appeared, but which are not accom-

® panied by secondary symptoms of the sort that would indicate the autonomic

g and circulatory systems had become involved.

"1

a (irad. i Symptoms, such as pallor, sweating, faintness, dizziness, etc.,

. v ich indicate that the autonomic and circulatory systems are displaying a

i 1oction that might lead to collapse, regardless of the number or degrec of

X vainful cymptoms which may also exist.
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Some investigators have used the terminoloyy of “tolerable
symptoms’ to indicate yrades 1 and 2 as listed above, and the
term “intolerable symptoms” to represent grades 3 and 1 which
cause premature descent from altitude.

Obviously, the grading of symptoms allows us to quantitate
data, but it should be remembered that we are attempting to
quantitate symptoms which are subjective. By this, we mean
that individuals differ within a rather wide range as to their
ability or willingness to tolerate symptoms at altitude. Therefore,
the “quantitative” data which is presented, especially in grades 2
and 3, will be especially susceptible to error because of the quali-
tative differences in an individual’'s symptom tolerance.

The acceptance, however, of this simple classification will allow
us to better appreciate the overall incidence of symptoms at altitude
when representative tables of such data are presented. There
could be some disagreement in classifying only a very small group
of individuals who had no bends, chokes, abdominal symptoms, etc.,
but who experienced vasomotor phenomena at the peak altitude
or even on ascent. In many instances, these cannot be classified
as symptoms of altitude dysbarism but are probably due to hypoxia
as a result of poor mask fitting or apprehension, which result in
hyperventilation. Both of the latter conditions, when they occur,
usually cause descent from altitude, especially if vomiting or
svncope is a part of the syndrome.

In the past, grading of symptoms due to altitude dysbarism-

has been confined to the more spectacular symptoms of bends,
chokes, and central nervous system effects. Many investigators
have failed to report the incidence of abdominal gas pains or have
reported them as miscellaneous. The remaining symptoms of
barotalgia, barosinusitis, etc.,, also have been treated as special
conditions because, if included, they would tend to alter the in-
cidence of symptoms markedly. All symptoms, however, may be
imcapacitating and from that viewpoint are important.
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3 SYMPTOMATOLOGY OF ALTITUDE DYSBARISM
A'
Bends

\
N
2 The fivst reference to bends as 1 symptom of dyvsbarism occurs
. m the Iiterature on caisson digease (129, 133). Because there was
) an exaceorbation of the pain whea the individuals affected were
; in the erect position, they often assumed a stooping or “‘bends”
. position
,l
)
} . . .

By definiticn, bends is a clinical manifestation of hypobarism
v consisting of pain referred to the joints, bones, or muscles.
Y
. . : ) ; :
n Location of pain of hends. The pain associates with bends at
. altitnde i variable in almost all except a few characteristics. The
. Incation of the pain is most often described as being deep in the
- joints, bones, or muscles of an extremity, including the hip and
- shoulder. For some unknown reason, instances of pain ‘n such
~ regions as the sternum, ribs, vertebrae, and cranium have been

conspicuously absent but have beer reported (111). Gray (102)
pointed out that it mav be significant that the bones of the
extremities contain yetlow bone marrow rather than red and are
comparatively avascular with a high concentration of fat. Perhaps
. the deep pain “felt in the bone” is best explained by bubbles causing
ischemia of bone or distortion of the periosteum. In any event,
the syvnovial cavity can withstand considerable distention without
pain and so it is thought that the pain does not arise from
gaseous distention of joint cavities per se. Most often, even in
anr extremity, the pain is diffuse and poorly localized. According
to School of Aviation Meclicine data on 158 subjects at 38,000 feet,
about 5477 are recorded as joint pains, 26 as chiefly muscle, and
20" as being felt deep in the bone (1C9). In character, most of
the pains are of a dee¢p, boring or aching, dull, protopathic type

._¥
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sometimes resembling the dull pain of a tetanus antitoxin injection.
, Many individuals, after descent caused by a grade 3 uncomplicated
F bends pain at altitude, have a poor memory of the pain and wonder
4 why they could not have tolerated it longer. In some instiances,
i the localization is very definite and the individual will isolate a
% small area, especially in the finger or wrist in which the pain is
N
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felt. When this discrotely finite type of pain is described in an
extremity, it is usually localized over o periosteal insertion of a
tendon (patella, deltoid, etc.).

The onset of bends pain may be gradual or fulminating and
vary in duration from single or intermittent twinges to one
which is steady. No dogmatic statemert can be made concerning
the progression of bends pain at altitude. Evelyn (71) noted that
at the onset, pains were usually mild, but in 11 oi 175 cases they
were acutely severe.  Mild degrees of aching discomfort have
developed slowly or rapidly to pains which were sharp and in-
capacitating. Conversely, moderately severe pains, which if they
continued would become intolerable, have been known to spon-
taneously disappear for the remainder of the stay at altitude.
In 2,744 ascents to altitude there were 1,253 instances of limb pain.
Of these, 639 were mild, 521 moderate, and 93 severe. Of the
mild pains, 33‘¢ disappeared, 29¢ were persistent, and 38% be-
came of stronger intensity (230). One feature of moderate or
severe joint pain is the tendency of the muscles to splint the joint,
with weakness or loss of movement. It is usually a pseudoparesis
or a pseudoparalysis, the muscles being tense at first, perhaps, but
later flaccid. Obviously, function is impaired and if the arms and
hands are affected, there may be a coarse tremor with loss of
useful motion until descent is made. Acute or delayed true paresis
or paralysis may occur which is of varying duration (see report
on “Neurocirculatory Collapse at Altitude”). During or after
descent all symptoms usually disappear. In some instances a
feeling of weakness persists, and in a few cases soreness may
be noted for several days. This may be due to extensive dissection
of fascial planes by large bubble collections.

Lund and Lawrence (168) concluded that bends pain may be
caused by collections of gas in the fascial and intermuscular septal
planes. During exposure of human subjiects to simulated altitudes
of over 34,000 feet in a low pressure chamber, the subjects who
developed severe bends in areas suitable for massage were lowered
to and maintained at an altitude at which the bends pain was
decreased or absent. A firm massaging action was instituted in
20 cases of bends. In 11 instances, pain was reinduced or increased
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at the lower altitude. In four other instances, the shift of pain
closer to the joint ahead of the massaging hand was noted. In
one case of these latter four, a rolling tourniquet was accompanied
by the movement of pain from a point just below the patella nhead
of the tourniquet to the ankle. Release of the tourniquet was fol-
lowed by return of pain to the original site at the knee.

If we assume that the “bubble” i3 the initinting cause, then
the rmportance of a bubble in initiating pain must be that of its
location. Intravascular bubbles, for example, could produce pain
by causing ischemia. Extravascular bubbles may produce pain
by (a) mechanical distortion of tissue and direct stimulation of
pain receptors, (b) by a localized expansion which produces direct
external pressure on blood vessels and ischemia, or (¢) by initiat-
ing reflex vasoconstriction which produces ischemia. Perhaps
several of the mecharisms are involved because large collections
of gas have been visualized by x-ray with little or no pain
recorded (43, 238) and, on Lhe other hand, definite bends symptoms
have been recorded in limbs when x-rays taken at altitude during
the flight revealed no such collections of gas (43). Because of
ti.> latter condition, it was postulated that a small bubble in a
“critical focus’ could result in symptoms out of proportion with
bubble size. Perhaps the pain mechanism in such instances is that
of ischemia due to vasoconstriction rather than that of a small
bubble in a critical focus. It appears quite likely that more than
one mechanism may cause bends pai., and in any given subject
the chief mechanism causing pain may be different from that in

another individual.

There is gereral agreement that the greatest number of bends
is located in the knees and the shoulders. Individual reports differ
as to whether the knee or shoulder has the greater incidence
(table II). The incidence of incapacitating bends, however, seems
to be greater in the knees than in the shoulders (183). Most data
indicate that the occurrence of bends is equally distributed to both
sides of the body although Bierman et al. (32) found a slight
predominance on the right side.

Why the knees and shoulders are especially affected by bends
is not entirely clear. It is probably a combination of such factors




TABLE 11

Locaton of hends symptoms—percentages

Site Ref. 1049 Ref 228 | Ref. 230 | Ref. 231] Ref. 183 | Ref. 36
Shoul ler 10.7 ovo | oas | 215 | a24 | 102
Upper arm 7.1 - 9.9 - 4.7 2.6
Elbaw 10.0 12.0 7.5 5.2 10.3 3.8
Forearm 3.0 2.2 — —_ 1.0
Wirist 9.9 k.0 11.4 1122 16.5 1.6
Hand and fingers 7.2 15.0 6.1 2.0 3.9 1.6
Total upper
extremity 57.8 59.0 60.6 39.9 67.8 20.8
tHip 3.0 3.0 1.9 —_ 1.9 2.6
Thigh 5.0 — 14 —_ — 1.0
Knee 23.2 32.0 22.6 48.4 23.2 54.8
Lower jeg 3.8 — 3.4 — — 2.1
Ankle 5.0 10.0 7.4 7.1 3.6 11.3
Foot and toes 22 6.0 2.7 — 0.7 7.0
Total lower
extremity 42.2 51.8 39.4 56.1 39.4 78.8

as circulation, fat deposits, development of mechanical tensions,
etc. Swann and Rosenthal (£21) theorized that, because of the
position of the joints, rising bubbles might be trapped in these
two areas. In an experimental study (247) concerned with air
embolism, the theory was advanced that the buoyance of air
determines its distribution in various parts of the body. Also, a
fatal diving case has been reported (95) in which there were far
more bubbles in the legs than in the brain since the individual
was in the head-down position when the body was recovered. It
was advised that such casualties should be carried in the head-down
position to keep bubbles from the brain. According to this reason-
ingr, elevation of an arm above the heacd should cause bends to occur
in the wrists and fingers. This was found to be true (232), but
the fact remains that the same maneuver affects the circulation
also and, hence, bubbles may be only part of the mechanism,

Ircidence of hends. Of those hypobaric disturbances which are
thourht to be caused by evolution of gas from solution resulting
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in bubble formation, bends is the most frequent significant symp-
tom (78, 103, 183, 231). There are a number of factors which
affect the incidence of bends at altitude. Because of variations in
experimentai design and technic, many of the individual sets of
data cannot be compared directly with each other. Fortunately,
however, the principal laboratories have conducted several different
experimental series, the results of which can be compared with
their own control tests. On this basis, several important conclu-
gions may be stated. In general, the factors which have been
considered to possibly affect the incidence of bends at altitude may
be pliced into several categories:

Physical factora

1. Rate of ascent

(3™}

Altitude attained

w

Duration of exposure

4. General environmenta! factors

Physiologic factors

1. Age

o

Obesity

3. Exercise

4. Previous injuries
5. Physical fitness

6. Hypoxia

-]

Diet and fluid intake

8. Repeated exposure

Miacrllaneous factors

1. Apprehension

-

2. Race and nationality

------------
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Physical Factors

Rate of ascent

Theoretically, the more rapidly an ascent to altitude is made,
the greater should be the incidence of bends. That the rate of
decompression is important to the incidence of bends has bean
known fer a long time among personnel associated with caisson
and diving operations. In accordance with the bubble theory, and
assuming that nitrogen is the gas most important in initial forma-
tion of a bubble, the slo.. ** the rate of ascent to altitude the longer
the time of Jenitrogenation. More rapid ascents would allow less
time to establish equilibrium of gaseous diffusion between the
body depots of nitrogen and the environment. Obviously, with
rapid ascents it is also true that the circulatory system has less
time to adjust.

=
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Examination of available data on altitude dysbarism is dis-
appointing in that it is not easy to show that rates of ascent make
a decided dirference in the incidence of symptoms, even though
A:mstrong (13) reported the appearance of bubbles in animals at
lower altitudes when faster rates of ascent were used. Also,
Catchpole and Gersh (52) showed a higher average bubble incidence
in rabbits decompressed to 45,000 feet in 3 to 10 seconds as com-
pared to a rate of 10 minutes. The percentage of deaths was also
higher ot the faster rate.

Armstrong (16) had theorized that a rate of ascent of 78 feet
per minute or more world favor bubble formation. However, in
an experiment lasting 16 hours with a mean decompression rate
of 45 feet per minute, one individual still developed serious symp-
toms (184).

Evelyn (70-72) used average rates of ascent varying from
500 to 4,000 feet per minute. He concluded that variations in this
range caused no difference in the incidence of bends. Gray (97)
found that rates of ascent up to 4,000 feet per minute had no
sigrnificant effect on the incidence of serious symptoms.

...................
...............



In contrast, Griffen et al. (111) obtained data to show that
the susceptibility to bends was markedly increased by o rate of
ascent of 5,000 feet as compared to 1,000 feet per minute. These
authors concluded that the rate of ascent per se seemed to in-
fluence the incidence of bends regardless of the fact that the
slower rate provided a longer period of denitrogenation.

It would seem logical to believe that the incidence of symptoms
vould be greatly increased in instances of explosive decompression,
Actually, studies which exposed humans to altitude have not
provided as clear-cut evidence as one would wish to sce on this
important subject. Hitchcock, quoted by Fulton (82), explosively
decompressed humans from 20,000 to 40,000 feet and, although
there was an increased incidence of bends and chokes from 55 to
65 as compared with the slow ascents, the differences were not
thought to be significant. When the explosive decompression
ranged from 10,000 to 38,000 feet, there was a significant increase
from 62 to 887 as compared with the slow ascents. Explosive
decompressions from 27,500 feet to 45,000 feet, using pressure
breathing, resulted in only a 55.29¢ incidence as compared to 40.5
for the controls.

COMMENT. It is logical o believe, but difficult to prove from existing
data, that a rapid rate of decompression to altitude increases the incidence
of dysbarism. It has proved true in caisson or diving operations. It is quite
possible that other factors are much more important in altitude dysbarism
and have thus affected the accuracy of the data. It is fair to conclude that
a very slow uscent, either continuous or in stages, would result in a lower
incidence of dysbaric symptoms than a very rapid ascent. Very likely, ranges
of ascent between 1,000 to 5,000 feet per minute would give no significant
differences vc~ause of the greater effect of other variations.

Altitude attained

There is little question that the higher the altitude attained
the greater is the incidence of bends and other hypobaric phenom-
ena. Obviously, the higher the altitude the larger the bubble size
and, perhaps, the greater the number of bubbles. Also, Knisely
(158) has noted that the extent of vasoipasm was greater in the
scleral vessels as the altitude was increased, and this correlated
very well with the incidence of bends.
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So many factors enter into this consideration that such cona-
tion< as rest, exercise, and rate of ascent must be mentioned when
one <peaks of a “bends altitude.” From 20,000 to 25,000 feet has
becn considered as a coritical range of altitude for the occurrence
of aero-embolism in man (184). Houston (135) reported on 20 in-
dividuals who made 3287 ascents to altitude up to 22,500 feet. Six
of these experienced aero-embolism on approximately 15 occasions
beginning as low as 17,000 feet. In 2 of 6 cases the pain was
incapacitating.  Symptoms may occur under 20,000 feet, but the
incidences are small (217) and arc usually associated with recent
injury, etc. (6, 149). In this connection, Krisely (158) has noted
vasoconstriction to begin in the scleral vessels at about 20,000 feet.
Tables III and IV show the data which nave been obtained. Al-
though there is no perfect correlation between the number and
grade of bends with the altitude, the trend can be very easily
noted. Cook et al. (5%) corcluded that an increase in altitude
from 30,000 to 38,000 feet increased the incidence and severity of
dysbaric symptoms more than did doubling the frequency of
exercise at either altitude. The introduction of exercise increases
the incidence of descents as much as adding 5,000 feet to the
altitude (103).

The small animal studies which have been done clearly indicate
that the appearance and size of bubbles are also dependent on the
altitude attained. However, the small animals are relatively
refractory to bubble formation. Armstrong (13) reported the
appearance of bubbles in the blood of animals at 35,000 feet. In
bull frogs having muscular activity, no bubbles were seen below
60,000 feet. Violent exercise caused bubbles to appear as low as
20,000 feet (255). Various conditions, such as exercise, are neces-
sary to produce bubbles in cats at 35,000 feet, in rabbits at
40,000 feet (2), and in rats at 50,050 feet (254).

Paradoxically, bends or chokes can occur on descent or be
exacerbated by dezcent to a lower altitude (203). The relatively
few cases in which it has occurred can be explained by assuming
that at the peak altitude the bubbles were in a relatively insensitive
areia. On descent, {the smail bubble size allowed movement to a
more sensitive area. In goneral, both the altitude attained and
exercise are shown to be important factors.
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Duration of exposure

The longer the time o exposure to a given altitude, the
preater the number of individuals who will be affected by symptoms
of d,sbarism. This means that 40,000 feet for 15 minutes will,
in general, not be as severe an exposure as 40,000 feet for an hour.
This does not mean that an exposure of 15 minutes is without
hazard, since symptoms may appear before 40,000 feet 18 attained
and extremely severe symptoms can occur in less than 15 minutes
at 40,000 feet.

Table V thows the incidence of symptoms in 30-minute periods
at varions altitudes. Althougb the data are restricted to exposures
of 120 minutes, the total jncidence increases. However, it has
been noted that the longe- an individual has been at altitude
without developing symptoms, the less likely is he to develop
sympioms as time goes on. This is probably explained by the
fact that whe- breathing 1009 oxygen he continues to denitro-
genate as the exposure progresses.

General environmental factors

Tenperature. Swann and Rosenthal (231) were unable to cor-
relate the incidence of bends with ambienc chamber temperatures
between 70° and 87° F. A similar lack o/ definite correlation was
found in the temperature ranges of 75° w0 94° F. (183).

TS
el e S U S

In studies specifically designed to cover wider ranges of tem-
perature, an effect on bends and chokes has been reported. Of
121 subjects seated at 38,000 feet with a chamber temperature
of 100” F., 35.5°¢ developed severe bends, whereas 47.3% of 112
subjects developed severe bends at a temperature of 55° F. (11). It
was thought that possibly the skin and immediately adjacent tis-
sues contain appreciable nitrogen and that the growth of bubbles
in such cooled regions would be slower because of increased
solubility, slower diffusion, and a decreased partial pressure of
gas. This would delay the appeararce of symptoms, but more
svmptoms would ulti?mxtvly appear because of the decreased rate
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of nitrogen elimination. In the same tests there was a 10’ in- o
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cidence of chokes in the warm flights and a 167 incidence in the 0
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cold. The difference was considered suggestive but not statistically
sigrnificant, A second yroup of workers (112) found that subjects
kept comfortably warnm suffered significantly less from bends
than the same subjects when underdressed in the cold. It was
emphasized that the skin temperatures had to be kept at levels
as higrh as those characteristic of warm environments and, hence,
peripheral vasodilation was thought to be an essential factor.
Fraser and Rose, quoted in a review of Canadian investigations
(79), studied individuals exposed to 35,000 feet at temperatures
of -~ 107 and 70° F. The incidence of symptoms was greater at
the lower temperature, the number of incapacitating bends being
about double; on the other hand, the number of milder symptoms
was only slightly increased. The same review quoted studies by
Waters, whe found that in a group of subjects at 35,000 feet and
room temperature, or 30,000 to 32,500 feet at —10° F., the same
subjects developing symptoms requiring descent from the cold
chamber at the lower altitudes also developed such symptoms at
room temperature while at 35,000 feet. These observations may
be significant in indicating the importance of the circulation in
the etiology of bends. It is also possibly of some significance
that the incidence of incapacitating bends was somewhat higher
in individuals with a low body temperature (oral) as compared
with those with slightly increased temperatures (231).

Daily variations in barometric pressure. Among other analyses,
it seemed desirable to correlate the incidence of dysbarism symp-
toms with the daily variation in barometric pressure. It is pos-
.ible, for instance, that the pain of bends may be akin to
arthritic malaise, and clinically, it is a common observation that
the latter type of pain is exacerbated by changes in barometric
pressure. It is of interest in this connection that Jones and
Schiller (149) exposed 5 voung adults with symptomatic arthritis
or fibrositis to 3,000, 6,000, and 9,000 feet in a low pressure
chamber. In 144 twentv-minute experiments they found a good
corrclation between altitude exposure and the incidence of pain
in joints that had been asvmptomatic at sea level.

In =everal studies in which the range of daily environmental
pressure change was only about 10 to 20 mm. Hg, there was no
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correlation with symotoms (42, 229, 231, 240). There was some
question concerning the relationship of the relative humidity to
symptoms of dysbarism. It was e¢oncluded, however, that the
finding was not constant enough to be real (240).

Time of day and season. For some unknown reason it may be
a fuct that the incidence of “decompression sickness” (symptoms
due to evolved gases such as bends, chokes, ete.) is higher in low
pressure chamber runs conducted in the morning than in runs
conducted in the afternoon. Thompson et al. (240) have reported
that of 2,076 men given low pressure chamber flights to 35,000 feet
during the hours of 0900 tc 1200, 41 manifested decompression
sickness; among 1,558 men during the hours of 1300 to 1600, only
29 ; among 91 men during the hours of 1700 to 2000, only 22°..
When the data were tabulated to pick out those 291 subjects who
had three chamber runs in the morning and those 240 subjects
who had all three chamber runs in the afternoon, there was a
39, incidence in the morning and only a 21‘¢ incidence in the
afternoon. Further, there were 459 individuals ‘who had both
morning and afternoon chamber ascents. There was a 38.6‘¢ in-
cidence in the morning as compared to 27.4'¢ in the afternoon.
The data obtained by Savely (211) indicate that descents occurred
in 147 in morning flights, 9¢ in afternoon, and 12.5‘¢ in evening
flights to 35,000 feet. Stewart et al. (228) showed that in 52.8'¢
of 441-man runs, there were symptoms in the morning, whereas
328, of 399 subjects showed symptoms in the afternoon. The
came type of results was obtained by Smith and collaborators (220).
The data of Motlev et al. (183) show the percentage incidence of
bends on chamber ascents during various times of the dav.

If the incidence of symptoms is greater in morning flights
than in afternoon flights, it may be due to the fact that metabolism
in general is lower during the morning, or more likely because of
the various factors which cause metabolism to be lower—that is,
the rate of gas exchange and altered circulation (124). It is per-
tinent to examine some of the possible relationships (table VI).

The data of Swann and Rosenthal (231) are in agreement
(table VII).
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B Coae<t (111) reported datic which agrree with the other authors
i that the grrentest incidence of bends was in the morning flights. ;
ks However, the evening incidence is contrary to the data of Motley
2 et al. (table V). :
93 N
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’ TABLE VI - .
i
X Incidence of bends and time of day (1.3)
. No.of Total Grades Grades
” (i wthjeets bends 1and 2 3and 4
& 0600 - 1000 8,468 17.9 12.2 5.1 ;
! Oued - 1300 9,986 16.6 11.0 5.6 :
.’ 1200 . 1700 10,109 15.5 10.8 4.7 :
: 1600 - 2400 8,301 15.5 10.8 iT ;
o 1630 . 2230 7,317 11.6 7.3 1.3 K
3 ‘
. L)
-
TABLE VII
Incidences of bends and time of day (231)
Morning Afternoon
_' No. of man-flirhts 2060 1,842
N Grades Tand 2 (70) 13.4 0.7
[L* 0
. Grades 3 and 4 (7)) 4.0
..:
- TABLE VIII ;1
-J -5
< Incidences o) bends and time of day (183) ‘;
; 3
& _ , . Percent incidence ,
N Time No. of subjects of bends j
~, _ . — T S N
L 0700 - 1200 2,693 30.0 3
. L300 - 1800 2,593 15.4
.
- 1800 - 2300 1,341 20.7 3
% 2200 - 0400 210 11.9 il
]
; 3
AT thwhts were gt 5000 feet for T hours., "I
[ ‘"
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Revielr and co-worker< (197) have conducted some preliminary
chimeal studies on the nature of pain associated with various
chromic¢ pathologic conditions.  Variations in pain mtmmt} in
some clinical conditions appear to be associated with a general
factor that is influenced by the time of day and by the intake of
tood. la this connection, changes in the blood pH have been shown

~ to vary with the time of day (569). There was a possibility, there-

fore, that an actual relationship existed between variation In
acid-base balance of the body and pain intensity. From their
studies, Revici et al. have concluded that there are two distinct
patterns of pain correlation. In alkaline pain the pain is of greater
intensity when the body is relatively more alkaline and less severe
witen the body is more acid, and in acid piin the pain is more
marked when the body is more acid and less painful when it is
more alkaline. At the local pathologic site some abnormal meta-
bolic activity leads to an accumulation of abnormal metabolites
which alter the local pH. This local site may be alkaline or acid
and, hence, the general acid-base balance changes may augment
or limit the local pH deviation and influence the severity of the
pain. The tests conducted on various types of patients apparently
supported the above concepts, since strong alka.inizing agents ad-
ministered orally may increase the severity of alkaline pain and
relieve acid pain; and strong acidizing agents may act conversely.
These concepts require a considerable amount of further experi-
mental investigation, but it is of interest to speculate on the re-
lationship of acid-base balance to the pain of bends.

Hodes and Larrabee (132) tested a small number of subjects
repeatedly in a low pressure chamber at 3%,000 feet for 2 hours
using a moderate exercise. The susceptibility of several of these
subjects to bends varied in a cyclic manner. This suggested that
perhaps the susceptibility was influenced by physiologic factors
which varied in a parallel manner. The physiologic factor con-
sidered was that of individual acid-base balance, since this factor
is known to fluctuate during the day and from day to day in the
same individual.

The acid-base balance could theoretically affect the incidence
of bends in a number of cifferent ways. It affects respiration;
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the changes of carbon dioxide tension in tissues could affect the

rate of bubble growth; changes in carbon dioxide tendion mav

result 1n elterations of the peripheral circulation any may, hence,

modifv the denitrogenation of tissues as well as the local pH;

and an acid-base change in loca! regions may alter the irritability

of peripheral nerve. Hodes and Larrabee (132) pointed out that

several studies of caisson disease contain data or indirectly support

the concept that the incidence of dysbarism may be affected by

the amount of expired carbon dioxide which accumulates in pnorly

ventilated diving helmets or tunnels. In their own tests, the

alveolar Pco, of experimental subjects was determined previous

to ascent to 38,000 feet. When the results were grouped accord-

ing to the alveolar Pco, values before ascent, a correlation was

found in that the incidence of severe bends decreased with decreas-

ing Pco,. When the Pco, was 43 to 45.5 mm. Hg in 7 cases, the

bends was incapacitating; in the range of 40.9 to 42.9 mm. Hg on

30 tests, there were 609 forced descents; in the range of 38.0 to

40.8 mm. Hg on 31 tests, there were 565% forced descents; and, =
finally, all 5 tests were passed when the I’co, was 35.1 to 37.9
mm. Hg. Ammonium chloride given to the subjects to produce
a metabolic acidosis and reduce the Pco, by hyperventilation was
also thovght to give a degree of protection from bends in some sub-
jects, but not all. Several subjects had a particular anatomic site
in which bends cccurred regardless of the Pco, level. It was con-
cluded that other factors besides the acid-base balance were
operative in 'susceptibility to bends.

The above studies show that acid-base balance may be an
important factor in the mechanism of bends. The amall number
of subjects studied, and the tremendous number of other factors
invnlved in bends, leave the results open to question. We can,
however, mention a number of experiments and impressions which
correlate fairly well with the concept that the acid-base balancn
is important. In one series of tests (44), 60 subjects were de-
liberately hyverventilated to the point of tingling and numbness or
carpopedal spasm while s2ated at 40,000 feet. This would cause
a respiratory alkalosis with a reduced alveolar Pco, superimposed
on the expected alkalosis due to the hypoxia at that altitude. In
a control series of tests, the same subjects were exposed to
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10,000 feet, but did not hyperventilate.  Deliberate hyperventila-

tion reduced the total symptoms of bends and chokes from 56 to
14, and reduced the intolerable bends and chokes from 20 to
8. To remove the hypoxia factor, the same investigators also
used 1 inches of intermittent positive-pressure breathing at

40,000 feet in 50 different subjects. By adjusting the pressure
breather so tha! these subjects were hyperventilated to the point
of tingling and carpopedal spasm, only 6% of the subjects
developed intolerable bends and none developed chokes. Only 38'%
developed any symptoms of bends. It was suggested that hyper-
ventilation caused a reduction in the body gases important to bub-
hle growth. It is also of interest that the subjects noted a decrease
in pain intensity on temporarily increasing the degree of hyper-
ventiiation. The latter observation may be of some importance
and will be discussed in relationship to a few rfurther concepts.

In experiments cited above (132) a high Pco, was correlated
with a high incidence of severe bends. Behnke (26) 3tated that
empirical evidence points to # higher incidence of ‘“bends” in as-
sociation with a rise in the ¢: rhon dioxide level. Deliberate hyper-
venlilation reduced the incidence of bends at 40,000 feet (44), and
the subjects noted a decrease in pain intensity on tempoi. v
increasing the degree of hyperventilation.

The question arises as to whether an increased Pco, facilitates
the growth of bubbles and, hence, increases bends, or whether an
increased Pco, contributes to body acidity and, hence, aggravates
the local bends pain by augmenting local acidity. This would
classify the pain of bends as an ‘“acid pain.” However, the con-
cept of bends as an “acid pain” does not explain why the pain
disappears so quickly on descent and reappears on ascent unless
the “pain substance” or the pathologic metabolites are so labi'e
that when the local patholngic situation is improved, then im-
mediately the metabolites are no longer prodnced.

on descent, even on rapid descent. It would be easier to explain
this phenomenon on the basis of reduction of bubble size rather

In most cases of bends, there is a complete reversal of symptoms
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than disappearance of local metabolites. [t is true that in some
instances residual soreness of local areas may nersist after descent,
but it may well be that the extensive tissue distortion by collec-
tions of gas with dissection of fascial planes in these particular
cases is not a pathologic event that can be expected to be compi~tely
reversible in a few minutes or hours. Nims, quoted by Fulton (82),
has developed a physical theory of bends pain which is based on
the fact that gaseous bubbles growing in tissues must deform
adjacent structures. ccording to this theory, the pain of bends
is due to extravascular bubbles growing in “tight tissues.” If the
deformation pressure (D) cxceeds a threshold value (D*), then
nerve fibers are stimulated by the mechanical deformation of the
tissues. The intensity of the stimulus is proportional to the excess
of D above D* and depends on the type of tissue being deformed.
The periosteum i3 very sensitive; ligaments, fibrous capsules of
joints, tendons, fascia, and muscle would have different thresholds
of sensibility. Obviously, the extent of deformation of tissues
which persists at ground level will determine the duration that
symptoms can be expected to persist.

There may be seasonal varintion in the incidence of bends, but
the data are confusing. It would seem that from the following
observations there are unknown factors which influence sus-
ceptibility to bends or the methods of tabulating data have ignored
known factors. (See tables IX and X.)

TABLE IX

Seasonal variation in the incidence of hends (239, 240)

. Percent Percent

Date Morning decom, Afternoon decom.

Luns sickness 2 sickness
June 1942 1,806 37.8 669 33.3
Aug. 1942 828 46.1 572 37.8
Sept. 1942 2,076 41.0 1,668 29.0
Mar. and Apr. 1943 6,932 32.3 4,312 24.7
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TABLE X
Seasaral varwtiom in the inctdence of bends (183)

T No. of Total Grades Grades

' subjects hends (7)) 1 and 2 (%) JL—3 and 4 (/)
Aup. 1943 6,362 19.0 12.9 6.1
Sept. 1943 7,446 15.9 10.68 5.3
Oct. 1943 6,081 13.5 9.1 4.4
Nov, 1943 5,384 9.1 5.3 3.8
Dec, 1943 3,277 10.7 7.1 3.6
Jan. 1944 2,469 11.3 7.9 3.4
Feb. 1944 3,493 12.56 8.6 4.0
Mar. 1944 4,259 12.5 7.3 5.2
Apr. 1944 4,425 11.8 8.3 3.5
May 1944 420 12.4 8.1 4.3
June 1944 684 9.2 6.7 3.5
July 1944 1,020 14.0 6.8 7.2
Auy. 1944 474 5.9 3.6 2.3
Total 46,683 8.8 4.6 13.4

Phusiologiec Factors
Age

It was well known to caisson workers and divers that the
older individual was more susceptible to decompression sickness.
This was especially deplorable since they were the most experienced
workers. Age per se is probably an important factor, but one must
keep in mind th2 probability that with an increase in age there
is an increase in mean body weight. The latter factor must be
considered. In fact, it ‘s probably true that the entire physical b .
profile of age, weight, and height is more important than is a
single criterion in determining susceptibility to dysbarism. It is .
not too surprising that age should be a factor in dysbs.rism, since
the circulation certainly is altered with advance in years. The
surprising fact is that these differences show up in a relatively
narrow range of ages. Even in a sriall series, Thompson et al.
(239) found that the incidence of sy.nptoms was 129 in subjects
18 to 20 years of age, 229 in those of 21 to 23, 32% in those of
24 to 26, and 399 in those of 27 to 29 years. Table XI presents
several similar sets of data.
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Obesity

Long considered an important factor in caisson disease in divers,
obesity has been shown to be a factor in altitude dysbarism (79,
183, 231, 240). The data of Motley et al. (183) on 44,181 trainees
show that weight is a factor in the frequency and severity of
bends (table XII). If the incidence of bends were taken for all
of the subjects below 160 pounds, it would be 8.67% as compared
to 10.7% for those above that weight. Various tabulations of
weight-height (linear density), surface area, and ponderal indices
show that the larger, heavier individuals are more susceptible to
dysbarism. Behnke and co-workers (21, 27, 28) have expressed
the concept of body density as an index of obesity. Rathbun and
Pace (185, 193) have stated relationships for specific gravity as
have Behnke et al. (27). Savely (211) somatotyped 184 of 187
men who were exposed to altitude. The degree of ectomorphy
(tendency to linearity and slimness of physique) was found to be
significantly higher in 98 men who did not develop symptoms than
in those with symptoms. .

TABLE XII
Bends and weight (modified from ref. 183)

- S, Percentage of bends

eight 0.0

ot Grades Grades

R subjects 1and?2 3 and 4 Total
130 912 4.8 2.2 7.0
130-134 1,237 6.0 2.1 8.1
135-139 1,824 7.4 2.0 9.4
140-144 3,346 6.8 2.7 9.6
145-149 5,046 5.1 2.1 7.2
150-154 6,631 6.8 25 9.3
155-159 L,719 5.7 2.4 8.1
160-164 5,657 6.9 2.9 9.8
165-169 4,208 74 2.8 10.2
170-1%4 3,696 7.2 3.8 11.0
175-179 2,080 7.3 - 8.8 11.1
180-184 1,723 8.0 3.9 11.9
185-189 1,136 8.4 3.6 119
190-194 600 7.3 3.8 11.1
195-199 337 8.0 5.6 13.6
200 150 5.3 5.3 10.6
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The correlation between obesity or age and susceptibility is
such as to allow prediction regarding the hehavior of weight or
age groups but not of individuals. As Gray (103) has stated,
“These predictions resemble life insurance statistics which ac-
curately predict the death rate but do not disclose which individuals
are to die.” The individual exceptions to the generalizatinns that
old or fat people get bends are sometimes very glaring.

Exercise

Exercise is one of the most important factors influencing bends
and chokes at altitude. Deep knee bends, pushing, and other
strains at altitude have been used to show that exercise increases
the incidence of bends and descents as much as adding 3,000 to
5,000 feet to the altitude of the exposure (71, 74, 75, 99, 220, 262).
The data obtained by Grav (99) and table XIII show that the
performance of exercise at altitude lowered the threshold for the
occurrence of symptoms from 32,000 feet to 27,000 feet and in-
creased the relative importance of bends as a cause of descent
(tables III and IV). Although exercise tends to promote symptoms
in a'l parts of the body, the region most often affectcd is the
part which is exercised. The incidence of bends and chokes in
subjects who are seated is less than that of subjects who perform
a mild exercise at altitude (220). In general, a severe exercise
causes an increase in the incidence and severity of bends and
chokes. Even isolated exercise of the hands and wrists as by a
two-hand dynamometer resulted in a 76% incidence of bends as

TABLE XIII
Effect of exercise on bends (99)

Altitude Man-flights descz:::l( %) Comment

33,000 100 6.0 No exercise
33,000 143 24.5 With exercise
35,000 429 16.1 No exercise
35,000 149 43.6 With exercise
38,000 223 33.1 No exercise
28,000 56 58.9 With exercise
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compared with a spontaneous incidence of 7% (11). Relief of
bends produced in this manner by local compression related the
cause to bubbles rather than ischemia.

Exercise increases the formation of bubbles in animals exposed
to altitude (115, 119, 122). Conversely, bubble formation is de-
creased in anesthetized animals exposed to the same altitude,
presumably because muscle tensions are decreased (116). In
addition, the local formation of carbon dioxide gas during exercise
contributes to the factor (t) in the equation AP =t — P.

Previous injuries

There may be a correlation between the occurrence of bends
referred to a joint and the history of that particular joint being
the site of a previous injury. Houston et al. (137) satudied
1,638 man-ascents to altitude and determined the coincidence
of bends at the site of previous injuries to be 7.2%, which was
thought to be significant. Thompson et al. (240) and Gray (103)
questioned whether the site of old injuries is associated with a
grea‘er ucidence of bends although recent injuries may be a
predis;:-osing factor. Allan (6) cited several instances of recent
injur'es, one of which was the case of a combat pilot who
deveiopcd an incapacitating pain in the left elbow at 12,000 feet.
'hree weeks later the symptoms occurred at 10,000 feet and were
severe enough to cause descent. Examination by x-ray revealed
traumatic calcification overlying the internal and external condyles
of the left humerus. Further test exposures in the low pressure
chamber caused the appearance of typical bends in the left elbow
at 12,000 feet. Jones and Schiller (149), referred to previously,
tested 5 young adults exhibiting symptomatic arthritis or fibrositis
(without demonstrable joint or tissue pathology) at various al-
titudes. A definite correlation was found between exposure to
altitude and the incidence of pain in joints that had been asympto-
matic at sea level. The occurrence of joint pains at these low
altitudes again suggests that such factors as hypoxia, causing
circulatory impairment and alterations in cellular metabnlicm, etc.,
are concerned in the production of “typical”’ bends pain—that is,
in addition to “bubbles” which could be formed at lower altitudes
in injured tissue.
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Trkompson et al. (240) could not relate old injuries to the
incidence of bends, but subjects given a blow on the superior and
anteromedial aspect of Lthe tibia experienced an increased incidence
of bends in this region on subsequent exposure to 35,000 feet.

Physical fitness

[t seems reasonable to suppose that physical fitness could be
an important factor in determiring susceptibility to dysbarism. It
is probably true that a seriously unfit group would not perform
as well at altitude as a group in good physical condition. However,
no relation between the state of physical fitness and the incidence
of bends was found in a group of cadets (1564). Of 197 subjects,
167 who completed a 3-hour classification test at 38,000 feet had
an average score of 49.20 on the AAF Physical Fitness Test,
whereas 30 subjects who failed this classification flight had a
rating of 47.63. The lack of differentiation between the two
groups may have been due to the severity of the test at altitude,
the lack of adequate criteria for physical fitness, or both. The

one study cited emphasized the need for more precise data and
criteria.

Hypoxia

Individuals exposed to brief periods of hypoxia before attaining
& peak altitude had the same overall incidence of bends as did
subjects given oxygen continuously (183). It may be significant
that the hypoxia subjects had a decrrased incidence of incapacita-
ting bends as compared to the other groups. Smith (218) also
determined that hypoxia at aliitude did not increase the incidence
of decomypression sickness since a smaller number of symptoms
occurred during these tests as compared with others. He did not
consider the decrcase significant. In connection with what has
been discussed previously, it would seem possible that hyper-
ventilation resulting from hypoxia reduces tissue carbon dioxide
and, thus, reduces the tension of a gas which facilitates bubble
growth. This view receives some support from the observation
that deliberate hyperventilation by subjects seated at 40,000 feet
decreased the incidence of intolerable bends and chokes from a




control value of 20% to 8%. It is also possible that hypoxia
promntes an increase in blood flow through tissues and, thus,
affects bubble formation. At the present time we must conclude
that if hypoxia is a factor, its effects are masked by other factors.

Diet and fluid intake

It was concluded that the incidence of bends symptoms was not
related to the taking of food within the previous 12 hours (228),
although fluid intake appeared to be significant. Seven subjects
were repeatedly exposed to 38,000 feet with a mild exercise while
on control, high protein, high carbohydrate, and high fat diets
(42). The high protein diet significantly increased and the high
carbohydrate diet significantly decreased the incidence of in-
capacitating bends. The high protein diet hastened the time of
bends onset and decreased the average time subjects were able
to stay at altitude. The high carbohydrate diet delayed the time
of bends onset and increased the average time at altitude. The
high fat diet had no significant effect on benus. Since these
effects were observed with extremes in diet, it is unlikely that
ordinary diet conditions have an appreciable influence on suscep-
tibility to bends.

Individuals of high average daily fluid intake were, in general,
less susceptible to symptoms than those of low intake (228),
which agreed with the previous findings of Warwick (249, 250).
Restriction of fluid intake for a 2-week period in a group of 6 men
resulted in a general increase in susceptibility to dysbarism. The
ingestion of large amounts of distilled water decreased the tolerance
of 4 out of 6 subjects, whereas the ingestion of moderately large
amounts of isotonic saline resulted in a general increase in
tolerance. Tt was concluded that the relationship seemed definite,
but was not simple, because the possibility existed that whatever
controls an individual’s desire for water may be more closely
linked with susceptibility than the water itself. It seemed easier
to predict susceptibility by knowing a person’s propensity to drink
water than it was to alter his susceptibility by altering his fluid
intake (228).
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Repeated exposure

The question has often arisen as to whether repeated exposures
to high altitude increases or decreases an individual’s tolerance.
Of 19 low pressure chamber technicians who were exposed to
30,000 feet from 76 to 288 times, 13 (68 %) became less resistant
to bends (41). This occurred when exposures were as frequent
as one and sometimes two a day. Later, it was shown that rest
periods of several days or more seemed to have a beneficial effect
in preserving tolerance to bends. Houston (136) mentioned a
medical officer, age 33, who had made about 300 ascents to altitude
in 4 years with “increasing susceptibility to bends.” Another
study (215) indicated that certain individuals in the resistant and
intermediate categories could develop a progressive loss of re-
sistance with repeated exposures to 35,000 feet or above. In a
later report (217), the same group questioned the concept of in-
creasing susceptibility of individuals on repeated exposure to
20,000 feet.

Only 1 of 7 individuals exposed repeatedly to 38,000 feet ap-
peared to become more susceptible with time (42), and Stewart
et al. (228) speak of an “acclimatization effect” to dysbarism
which reduced the total incidence of symptoms over a period of
14 consecutive daily runs. The eff2ct was not noted in susceptible
subjects. Several small groups of subjects were exposed to
altitude up to 40,000 feet repeatedly but showed no symptoms of
fatigue, and their blood sugar curves were normal (184).

A single exposure to high altitude often causes a tension-type
fatigue. This is especially true if symptoms were experienced.
During the course of many studies, there have been several op-
portunities to observe the possible effects of prolonged and fre-
quent exposure. The Canadian studies summarized 1 y Fraser et al.
(79) have failed to demonstrate any persistent or progressive ill
effects of general importance. Evelyn (70-72) studied 40 men
for 8 weeks. The respiratory and renal systems were examined
before and after, as was the blood picture. The only possible
rhange was in the blood cholesterol, but even here, there was some
question. In the group of 40, the average cholesterol value in-
creased from 193 to 214; and in the 10 men with the longest
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exposure, it increased from 186 to 212. In 4 men who had the
most scvere symptoms, it increased from 215 to 2568. The rela-
tionship between bivod cholesterol und susceptibility to dysharism
may need further investigation because, on the basis of the body
surface and the plasma cholesterol concentration, one group (214)
was able to predict correctly whether a subject was susceptible
or resistant to bends in approximately 80% of the laboratory per-
sonnel exposed. The body surface, in square meters multiplied by
the plasma choi2sterol in milligrams percent over 190, gave an
index which served as the basis for the predictions. The higher
the index, the greatar the susceptibility.
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Postflight effects of mental depression, fatigue, irritability,
etc., have been reported to occur in some individuals (31, 62, 184,
204), but no lasting harmful deterioration resulted (61). The
relationship of such complaints as sleeping less soundly, lack of
appetite, or tiring more easily, to high altitude exposures has been
found difficult to determine (230). A direct experiment on fatigue
was performed on 44 subjects who were caused to lose sleep,
make 1-hour marches, etc. When this group was exposed to
85,000 feet for 2 hours, there was no increase in the incidence of
symptoms (229).

In summary, it appears that some individuals become more
susceptible to dysbarism when they have been repeatedly exposed
to high altitudes, but others become more resistant. Most persons
demonstrate no definite change in susceptibility. In individual
subjects, the optimal period between exposures is unknown. There
may be a correlation between plasma cholesterol and susceptibility
to bends, but this is uncertain.

Misgcellaneous Factors
Apprehension

As has been mentioned previously, the grading of symptoms
¢3 tolerable or intolerable is subjective, and the quantitative treat-
ment of such data may not be entirely valid. Individuals who are
apprehensive may have a lower threshold for tolerance of symp-
toms. One study (239) indicates that symptoms are almost
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doubled in frequency and the tendency for mild pains to become
intensified until they are incapacitating is very greatly increased
by apprehension. A group of 100 subjects whose apprehension
was purposely exaggerated by psychologic means were then ex-
posed to 35,000 feet and had a 47% incidence of symptoms. A
second group of 100 who were psychologically treated so as to
reduce apprehension to & minimum had a total incidence of only
289¢. In some individuals, apprehension would be reduced by the
experience gained on repeated exposures. The apprehension of
others might be increased. Theoretically, apprehension should
result in some degree of hyperventilation and, hence, the incidence
of symptoms reduced. All of this shows that on the basis of one
study, it is difficult to conclude that apprehension would be a
real factor in producing bends. As indicated above and previous!y,
the quantitative grading of qualitative symptoms may be mis-
leading.

Race and nationality

Motley et al. (183) have presented data on American white,
American Negro, and French cadets who were exposed to 38,000
feet in low pressure chambers. There was a significant difference
in the recorded incidence of bends in the three groups. Both the
French and the Negro groups had a bends incidence less than the
white. All grades of bends were experienced by 5.8% of 1,236
French, 10.4% of 1,284 Negro, and 13.7% of 43,863 white cadets.
It seems probable that race pride accounted for much of the dif-
ference, because the incidence of grade 4 symptoms was 0.67% for
tlie white, 0.39% for the Negro, and 0.4% for the French. In
other words, when better qualitative criterin are present as in
grade 4 symptoms, then the data are more valid quantitatively. It
was thought, also, that in the case of the French students,
language difficulties may have caused a tendency not to report
grades 1 and 2 bends. Hov:ever, the incidence of 4.03, 2.61, and
1.87% grade 3 bends for the white, Negro, and French cadets,
respectively, is difficult to account for, except on the baais of race
pride causing a marked determination to suffer discomfort suf-
ficient to force descent of individuals not similarly motivated.
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Smoking per se did not predispose to bends; mild illnesses
as reported on questionnaires prior to ascent were noncontributory
(231).

Choker

The term “chokes” as well as ‘“bends” was coined by caisson
workers to describe the attacks of dyspnea and sense of oppression
in the chest which sometimes resulted when they were decom-
pressed from several .tmospheres of pressure. More scientific
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Definition. We may define chokes in aviation as a manifesta-
tion of altitude dysbarism usually characterized by several inter-

terminology would be desirable for the aeromedical literature, but X
these terms are 8o descriptive that for want of better expressions N
they have been used extensively. 7

»

related symptoms: | ,
f '
1. Substernal distress, varying from a sense of constriction, tightness or : 3\
oppression in the chest, to a burning, gnawing, sometimes lancirating pain. - Q
2. Cough, which at altitude is usually nonproductive. ;
»
(The substernal distress and cough are aggravated by attempts to take a oy
deep breath.) l:,':'
3. Difficulty in breathing, which at altitude is accompanied by a sense f‘;
of suffocation and apprehension. )
Z:Q
Actually, there are two types of chokes experienced at altitude. -
The phenomenon of “true” chokes, with its characteristics as given ¢
above, should be differentiated from “throat” or ‘“false” chokes, .’-
which is a condition characterized chiefly by cough. Throat >
chokes is probably due to the aggravation of a pre-existing throat ) =
irritation when cold, dry oxygen is breathed at altitude. Although :‘;

throat chokes may cause embarrassment of respiration, which
would be especially important at very high altitude, there are no
concomitant chest symptoms.
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[ The symptoms described above are cardinal symptoms of

' chokes. However, at least one case of ‘“chokec’” has been reported
to occur at 35,000 feet in an aircraft, in which pain in the chest
was not a prominent symptom. The individual had cough, pallor,
headache, and then entered a state of neurocirculatory collapse with
moderate shock (245). It was questionable that this instance was

true chokes rather than a case of hypoxia, with throat irritation.
However, borderline cases are to be expected.

Etiology and mechanism of chokes. Chokes is thought to be

a part of the reflex phenomena resulting from the irritation of

pulmonery tissues when gas emboli cause obstruction of pulmonary

arterioles and capillaries (32, 42, 43). There has been no direct
demonstration of bubbles in the pulmonary vascular bed during an

active human case of chokes. However, there are several lines of

indirect evidence to support the concept that symptoms of chokes

are due to embolism of pulmonary vessels. Roentgenographic

plates taken while the subjects were at altitude and manifesting

chokes have been diagnosed as showing some enlargement of the

! fight heart (42, 43). This was interpreted to mean that an in-
| creased pulmonary resistance could have been due to bubbles,
vasoconstriction of pulmonary capillaries, or both. The bubbles
themselves, however, were not evident in the plates. Hetherington

and Miller (128) have shown that the intravenous injection of

nitrogen gas in anesthetized cats, at a rate of 0.1 to 0.6 cc. per

minute for periods ranging from 17 to 2556 minutes, could produce
physiologic effects on the respiratory and circulatory system which

simulated the clinical picture of chokes and collapse at altitude

and produced various degrees of acute pulmonary pathology. There

are many postmortem autopsy findings of bubbles in the right

heart and pulmonary bed of caisson workers who succumbed to
decompression from increased barometric pressures (133, p. 1387).

Accidental injection of air during the intravenous administration

of fluids to hospital patients commonly produces respiratory and
circulatory phenomena. Certainly, there is a tremendous variation

in the (uantity of air which can be injected intravenously before

serious effects are noted. However, this does not mean that mere-

g ly because there may be few or no effects in some individuals from
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even large quantities of intravenous air, the same or other in-
dividuals will not show adverse effects when the bubbles lodge
in critical areas. In physiologic laboratories many such experi-
ments have been performed on dogs. The amount of air needed
to produce effects has varied from 5 cc. to several hundred. One
can hear, by means of a stethoscope, the difference in heart sounds
even when a readily absorbable gas like oxygen is given intra-
venously (113). The clinical symptomatology resulting from air
introduced intravenously resembles the symptoms of chokes (192).

In this connection, it is reasonable to further indicate that the
quantity of air, within certain limits, may not be and prcbably is
not the only important factor. One possible view is that bubbles
could “trigger” reflex vasomotor phenomena in susceptible in-
dividuals to an extent beyond that which one would expect to
see quantitatively from small amounts of bubble stimuli. The
presence of air in any hydrostatic system such as the cardio-
vascular system can and does cause grave physiologic effects. The
heart, for example, has valves which are opened and closed by
differential hydrostatic pressures develcped during the various
phases of the cardiac cycle. If the right etrium and right ventricle
are at‘empting to open the auricular-ventricular and pulmonary
valves, respectively, by pumping blood which contains bubbles of
gas, it is likely that if sufficient bubbles are present, the hydro-
static pressure in these chambers may not reach a value high
enough to force the valves. Obviously, there will be interference
with circulation of the blood through the lungs, since the frothy
blood present in the right ventricle may be incompletely emptied
into the pulmonary artery. It appears logical to assume that
bubbles which get to the pulmonary vascular bed can cause true
embolism with profound reflex effects in some instances. In ex-
periments on guinea pigs, gas bubbles in the blood stream probably
did not reach the capillary bed of the lungs but occluded branches

of the pulmonary artery. The smallest vessels affected were

arterioles of 40 x in diameter (86, 87).

Chokes usually occurs on ascent or while at the peak altitude.
However, paradoxically, cough may be exacerbated (36) or chokes
may appear for the first time during descent from altitude in in-
dividuais who had no sign of chokes at altitude (203) but did
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have bends. A possible explanation of the above paradoxical cases
of chokes may be that the bubbles were present in noncritical areas
at the peak altitude but. because of their size, did not move. During
descent, these bubbles became smaller and changed their location,
moving to more critical or sensitive areas. In doing so, some of
them could have caused embolism or produced & pulmonary vasculav
spasm sufficient to give symptoms of chokes. This mechaaism
parallels that previously postulated for the occurrences of bends
during descent from altitude, except that in the case of chokes, the
bubbles are thought to be chiefly intravascular.

Evelyn (69) had postulated that chokes was probably due to
the irr tation of breathing 1009 oxygen because the burning type
of chest pain in the respiratory passages suggested pulmonary
symy oms of oxygen toxicity. This view would seemingly receive
some support from the following observations by Stewart et al.
(230). An altitude chamber technician had been suffering from
marked substernal irritation and interference with respiration
while at 35,000 feet in a low pressure chamber. He discontinued
his oxygen supply and the discomfort in his chest disappeared
completely during about 1 minute of this severe hypoxia. After
resumption of breathing oxygen, he was able to remain at 35,000
feet free of chest symptoms for more than 1 hour. Thirty-seven
additional men with chest discomfort at 35,000 feet were instructed
to remove their masks and take four ordinary inspirations of air.
“This procedure resulteu in marked improvement in those who had
mild symptoms, some improvement in moderate cases, but very
little improvement in most of those with severe symp'oms. In
most cases, the reduction of the chest discomfort was temporary,
but some men were able to remain at 35,000 feet without symptoms
for a period of more than one hour.”

It is difticult to explain the above observations completely,
but the mechanism of chokes cannot logically be ascribed to oxygen
irritation, because as Gray (103) has indicated: (a) breathing
1007 oxygen at high altitude is not toxic; (b) caisson workers on
decompression from 2 or 3 atmospheres develop chokes breathing
air; (c¢) chokes at altitude usually disappears during descent even
though 1007 oxygen is breathed continuously on descent.
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It is very likely that cough without chest symptoms of any type
is due to the mucosal drying effects of breathing dry oxygen on
a pre--xisting pharyngeal or laryngeal irritation. The severe
hypoxia caused by removal of oxygen masks at 35,000 feet may
have been a counterstimulation sufficient to cause a release of
pulmonary vascular spasm or facilitate bubble dissipation. This
method of relieving chokes, if it is a method, is obviously dangerous.
2 The observations, however, point up a requirerient for further
i study of the mechanism of chokes.

ARy

Grading and significance of chokes. The general scheme of
grading symptoms of altitude dysbarism into four categories may
also be applied to the grading of chokes. Grades 1 and 2 are
tolerable and grades 3 and 4 are intolerable requiring descent from

! altitude or recompression in the cases of caisson workers or divers,
Cases of chokes at altitude have been described in several reports

[ which indicate that the condition may be transient or tolerable

for several hours (36, 37, 42, 109). On the other hand, instead of

2 developing slowly, severe grades of chokes may develop in the

. course of just a few minutes. In one series of tests at altitude,
the average time required for grades 3 and 4 chokes to cause
descent was 6 to 7 minutes (103).

S However, regardless of grade and regardless of whether the
~ bubble, angiospasm, agglutination theories, or a combination of
: several theories is eventually shown to be the important mechanism
¥ producing chokes, one fact should be overemphasized rather than
i the reverse. True chokes at altitude or on decompression from
high barometric pressures should bc regarded as a dangerous
symptom, the gravity or potential sertousness of which requires
tmmediate recognition and prompt action by the trained individuals
in attendance. '

YN ST

The occurrence of true chokes should suggest to the observers
immediately that, because of the interference with respiration,
severe hypoxia may result and, because of effects on respiration
and the cardiovascular system, collapse may ensue. No case of
true chokes should be regarded lightly. All grades are potentially
dangerous, even after the individual returns to normal barometric
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pressures. For this reason, prolonged observation of the individual
may be necessary as ascertained from the subject’s condition after
return to ground level. As we have seen in the report on ‘“Neuro-
circulatory Collapse at Altitude,” there have been instances of
apparent recovery on descent from high altitude only to have the
individual progress into secondary shock during a variable period
after descent.

It is pertinent to reiterate that the occurrence of true chokes
at altitude implies that the individual's body is already demonstrat-
ing the effects of a disturbed physiology. It is safer to err on the
side of being excessively cautious and think of the condition as
dangerous than it is to leave the individual at altitude and risk
the condition’s becoming very serious. In addition to the
physiologic effects, there is often a marked psychologic reaction
when the individual experiences symptoms of asphyxiation. As
compared to bends, a greater percentage of individuals who develop
severe chokes are prone to collapse (205).

Incidence of chokes. Among the symptoms of dysbarism which
are sufficiently severe to cause descent, chokes is usually second
only to bends (106, 211, 217).

In general, the factors which affect the incidence of chokes
at altitude are the same as those which affect bends, except that,
because of the decreased incidence, the direct relationship of many
factors would be difficuit to prove statistically.

The altitude attained, duration of exposure, age, obesity, and
exercise are definite factors in the occurrence of chokes. Table XIV
shows the increased incidence of chokes at increasing altitudes and
also the effects of exercise on incidence. The trend is, at best,
very general owing to the variable experimental technics, durations
of time, and the number of subjects. Incidence appears to be
higher in the experiments which have the least number of subjects.
The difference in incidence between 35,000 and 38,000 feet would
be difficult to determine. Considering the number of subjects,
however, differences between altitudes such as 30,000 and 38,000
feet are easily seen.
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Symptomatology of chokes. We have given in the definition
of chokes four characteristics or basic criteria for recognizing true
chokes which occur at altitude or on decompression from high at-
mospheric pressures. The severity of symptoms is certainly
variable, just as in the case of bends. These symptoms may be
intermittent (36) but have a tendency to progress (103).

The substernal distress may vary from a dry sensation in the
chest (36) to a burning, gnawing, sometimes lancinating substernal
pain which does not, in the usual case, radiate to other regions.
There may be only a sensation of fullness in the cheat, a sense
of constriction, tightness, or oppression. Sometimes, the sensation
is described as a burning or rawness which is similar to that
experienced during strenuous runs or exhaustive exercises in cold
weather (71). These symptoms may persist for some time even
after return to ground level pressures, and residual chest soreness
may persist for hours or days.

The symptom of cough varies from a desire to cough, which is
controllable, to a distressing paroxysmal cough which interferes
with respiration and very probably also with cardiovascular
physiology. The latter type of cough is seemingly a chain reaction
since the desire to cough is not relieved by coughing, and can per-
sist for several hours after descent from altitude. The cough is
a rasping, hacking cough which is usually nonproductive. At least
one case with temporary hemoptysis has been reported (230). The
latter is not a common symptom of chokes.

At altitude, the substernal distress and cough are aggravated
to a marked degree by attempts to perform physical exercise. Even
attempts to take a deep breath by the seated, nonexercising subject
cause a marked increase in chest symptoms and an intense desire
to cough.

The difficulty in breathing is accompanied by a sense of suf-
focation and apprehension (103). Breathing is likely to be rapid
and shallow in cases of chokes at altitude because of voluntary
attempts on the part of the individual to avoid deep breaths which
aggravate his chest pain. This rapid, shallow breathing has the
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effect of contributing to the hypoxia because of poor lung ventila-
tion. The sense of suffocation, and probably the loss of judgment
due to hypoxia, may cause the individual to feel more acutely the
restrictive sensations occasioned by wearing an oxygen mask and
piompt him to remove the oxygen mask. This is an obviously
dangerous procedure at high altitudes.

There are other symptoms associated with chokes which may
be mentioned. With the hypoxemia of severe chokes at altitude
one might expect to see cyanosis. Some degree of cyanosis may be
noted, especially in those individuals whose dyspneic symptoms and
cough result in venous engorgement of the face and neck. More
often, however, there is an intense pallor in chokes at altitude
which is of sufficient degree to mask any cyanotic color. Along
with pallor there can be considerable weakness and perspiration.
Faintness and actual syncope are not uncommon in the moderate
severe grade of chokes. A marked feeling of fatigue after all other
symptoms may have disappeared is a common experience during
the period following return to nosmal atmospheric pressures (103).

Chokes must be differentiated from at least two other con-
ditions: (1) Cough arising from a “tickle” or even a raw feeling
like that of a sore throat. This cough frequently accompanies a
preflight cold or sore throat, but is not especially aggravated by
taking a deep breath. The condition may be due to irritating ef-
fects of dry oxygen. (2) Chest wall pain which is usually an
aching type of pain, lateral rather than substernal, and located in
the chest wall itself rather than internally. It is followed by
tenderness and subcutaneous swelling which may not appear for
several hours postflight and may endure for a day or more. The
chest wall pain is thought to be “soft tissue bends,” and the swell-
ing is apparently edema because it does not crepitate (103).

Chokes may occur as the only symptom but most often is as-
sociated with bends (36, 37, 230). In the individuals who develop
both symptoms, chokes usually appears later in flight.

In tests at 35,000 feet for 2 hours, there were 1656 cases of
chokes in 3,744 man-exposures (230). On 60 of these 166 man-
runs, chokes was the only symptom, and in 76% of th se 60 men,
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chokes was responsible for causing descent. In the remaining

106 man-runs, chokes was associated with other symptoms, 101 of |
which were bends, or bends in addition to headache, rash, collapse, l
nausea, aid eye symptoms. Two cases of chest discomfort with '
nausea occurred. It was concluded that chokes was a more dis-
abling symptom than bends, even though less frequent, as referred
to previously. Other authors have indicated that chokes is a
more potent factor in precipitating syncopal reactions than is
bends.

TN TN S S YT W T e

Some individuals are apparently more susceptible to chokes
than are others and in repeated exposures will develop chest pains
just about as often as they do bends. Chokes has more of a
tendency to progress than does bends or other symptoms. In one
series (230), 149% of the cases regressed, 44% progressed, and
42% persisted without change. A mild case of chokes which tends
to progress does so rather rapidly. The average duration of a
moderate attack is often not more than 5 minutes before descent
becomes necessary. Severe chest discomfort caused descent in an
average of about 1.6 minutes.

MR AASAM NS Rl A

Central Nervous System Symptoms

During the course of exposing many individuals to high altitude
for indoctrination, selection, and research purposes, observations
and data have been accumulated on symptoms other than bends
and chokes. Among the more important symptoms are those
referable to the central ner-ous system.

In general, it can be stated that the neurologic symptoms ob-
served have not differed a great deal from those reported in divers
or caisson workers, except that the latter cases have been more ,
severe. Better technics since the early days have greatly reduced
the dangers associated with diving operations. In comparing the
central nervous system disturbances arising from altitude and
those following high pressure exposures, there appear to be two
chief differences (26). The first is the rareness of spinal cord
involvement in altitude dysbarism, and (he second is the rapid '
amelioration of altitude symptoms wheu the subject is recom-




pressed. The rareness of spinal cord symptoms may, in part, be
because of immediate recompression which can be accomplished
easily. The rapid amelioration of symptoms on descent from
altitude may be a function of the fact that fewer bubbles are
formed and those which do form should be rapidly absorbed since
they have a greater carbon dioxide and water content.

Behnke (26) believes that symptoms arising from the spinal
cord are chiefly due to impairment of the circulation produced by
gas bubbles. This concept is in agreement with most of the
literature reviewed on caisson disease (26, 50, 129, 133).

The incidence and severity of central nervous system symptoms
in caisson workers were very high in the early days as compared
to individuals exposed to altitude.

Keays, quoted by Hill (129), presented data which is of interest.
He analyzed 3,692 cases of caisson disease occurring in 10,000
workers an incidence of 36.97.. The incidence in these 10,000 men,
on the basis of 657,000 man-shifts, was 0.66'/ as illness and
0.0035% deaths.

Of the 3,692 cases, the breakdown showed:

Symptom Percent
Bends 88.78
Bends plus local manifestation (edema, subcutaneous
emphysema, etc.) 0.26
Bends plus prostration, pallor, sweating, etc. 1.26
Central nervous system:
Brain (hemiplegias) 0.11
Spinal cord:
Sensory, motor, or both 2.16
Vertigo (staggers) 5.33
Collapse 0.46
Cliokes 1.62

There were 20 deaths in individuals manifesting various com-
binations of the above symptoms. In other case histories of caisson
disease, visual symptoms, paresis, paralysis, bladder disturbances,
etc., have been recorded with a number of instances of permanent
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damage (129). In caisson disease or diver's dysbarism, the con-
dition of vertigo was known as ‘“staggers’’ because the individuals
experienced difficulty in walking and were observed to have an
ataxic, titubating gait with varying degrees of incoordination. The
condition developed is a “subjective’” vertigo in which the individual
has the sensation that he is rotating rather than an ‘“objective”
vertigo in which the surrounding objects seem to rotate about the
individual. In most of the data on dysbarism the term dizziness
has probably included vertigo as well as giddiness and other sub-
jective sensations not due to the same mechanism. In the report
on “Neurocirculatory Collapse at Altitude” there are references
made to individuals who probably experienced the subjective type
of vertigo, although in most cases this symptom wag listed in the

data as dizziness.

Hill (129) divided the cases of caisson disease manifesting ear
difficulties into two types: (1) cases of temporary deafness and
vertigo enduring for about 8 to 14 days and caused by nonequaliza-
tion of pressure on either side of the eardrum. The tympanic
membrane may show signs of congestion and there may be hemor-
rhages from the middle ear and eustachian tube; (2) cases of
Meniere's “complex,” consisting of vertigo, deafness, and vomiting
which might persist indefinitely. Hill thought that these lesions
could be produced by air bubbles either in the central tracts of the
cochlea, vestibular nerve, or in the internal labyrinth of the ear.
Erdman (68) reported that vertigo occurred in 50% of the cases
of caisson disease in his series and thought the disturbance was due
to bubbles in the labyrinth or cerebellum. The incidence of vertigo
reported in data obtained from altitude training units was less
than 1%. The incidence of dizziness in 314 cases of neurocircula-
tory collapse at altitude was 29.2%. Associated symptoms were
nausea, vomiting, or both. There are no cases of altitude dysbarism
reported in which alterations in equilibrium were permanent. Most
cases of “dizziness’” have lasted only a few hours postflight, but
a few have endured for several days. In low-pressure-chamber
tests, vertigo, faintness, etc., are usually associated with symptoms
of bends, chokes, or abdominal distress. Some individuals, how-
ever, have been forced to descend from altitude with vertigo as
the chief symptom. Whether the mechanism is as described by

Hill and others remains a question.
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The clinical neurologic reactions which can occur at altitude
have been classified (39) as:

1. Disturbances of equilibrium and coordination:
Ataxia
Dysmetria
Unsteadiness. etc.

Vertigo

2. Disturbances of function of large sensory or motor tracts:
Hyperesthesia, hypoesthesia
Hyperalgesia, hypoalgesia
Weakness of arm or leg
Numbness
Tingling
Paresis
Prralysis
Presence of pathologic reflexes

Visual symptoms, hemianopsia, nystagmus, diplopia

3. Disturbances of consciousness and cortical function:
Amnesia
Aphasia
Hallucinosis
Acute manic behavior

Disorientation

4. Disturbances suggestive of meningeal irritative phenomena, increased
intracranial pressure, and migraine-like features:

Central vomiting

Headache

Dizziness

Photophobia

Scotoma and defects common to migraine

Painful eye movements
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*: 5. Disturbances of subcortical mechaniss. . uasyciated with phenomena of
i dyskinesia, hy- ‘ineria, and aphasic. -
v Reat’

] Dysk., .4

L’ . 3

:C‘ Hyperkinesia

' Tremor

; Blepharospasm

s

v,

::. 6. Scattered nervous system do¢ . -u.ices of minor character:
r i

i Scotoma

) Urticaria

Neuralgic pains

b e T

BT

Blurred vision
Headache

Syncope

Nausea

Generalized wcakness
Mental depression

Loss of depth perception

The above classifications should be compared with that contained
in the report on neurocirculatory collapse and will be more
meaningful when case histories are reviewed.

The symptoms listed may occur singly, but usually more than
one ic seen. This reveals that the mechanism of central nervous
system disturbances must be such that discrete or widely separated
areas of the brain can be affected at the same time. A review
of case histories favors the conclusion that the occurrence of bub-
bles cauvsing ischemis hypoxia is the actual mechanism. Motor,
sensory, association, cranial, or somatic nerve areas are affected
in an unpredictable manner. Catchpole and Cersh (60) have in-
dicated that where the gas emboli lodge is a m:.tter of chance, but
for certain possible reasons the susceptibility of the central nervous
system varies in its parts. For example, the circulation of the
gray matter of the spinal cord is somewhat anastomotic; hence,
severe damage is more frequent in the white matter. Also, the
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gray matter has been reported to have a greater number of capil-

laries and, thus, a better blood supply than the white matter.

The pathologic lesions found at autopsy in cases to be discussed
': later may be explained by these views.

The incidence of central nervous system symptoms during ex-
posure to altitude is small. Brown et al. (39) reported an incidence
of 0.28 of temporary symptoms in over 40,000 subjects exposed
to altitudes ranging from 30,000 to 38,000 feet.

In 500 subjects at altitudes above 33,000 feet, visual symptoms
were observed to occur subjectively in 1.8% . Smarting of the
eyes and blurring of vision occurred in about 7% of the cases,
but these symptoms usually could be traced directly to hypoxia
due to a poor mask fit (156).

Y Visual field defects constituted the majority (4.6%) of neuro-
logic symptoms reported in 852 forced descents from 2,290 man-
flights at 35,000 to 38,000 feet. There was one case each (0.1%)
of nystagmus, diplopia, and confusion state (109). These findings
check fairly well with a 4.2% incidence of visual symptoms oc-
curring in 167 man-runs to 38,000 feet (36). In the latter report,
the only cther neurologic symptom of higher incidence was diz-
ziness at 7.29%.

In procedures deliberately designed to induce symptoms of
bends at 35,000 feet, there were 91 (12% ) syncopal reactions in
37 of 51 subjects who made 764 man-flights. A syncopal reaction
was defined as one or more of such symptoms as weakness, faint-
ness, dizziness, pallor, sweating, nausea, confusion, or unconscious-
ness (205). This experiment emphasizes the close association of
central nervous system dysfunction with bends and chokes and
suggests that the etiologic mechanism is not too dissimilar. This
view is supported by the findings that visual disturbances occurred
in less than 1% of 16,293 man-runs on 6,566 individuals exposed to
9 high altitude, and that the symptoms occurred almost wholly in
! individuals who were highly susceptible to other symptoms, such
' as bends and chokes (230).
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As a general summary of this section, the incidence of central
nervous system symptoms in individuals exposed to altitude is
very small. The symptomatology is variable in type and severity.
The greatest majority of symptoms are temporary. In humans
there are no records of permanent damage.

The greater part of the discussion of this subject has been
included in the report on ‘“Neurocirculatory Collapse at Altitude.”

Skin Disturbances

Rash and nottling. Cutaneous discolorations have been report-
ed most frequently in caisson workers or divers, but are not un-
common in altitude dysbarism. In ascents to altitude, Stewart
et al. (230) observed rashes in slightly less than 1% of 1,347 in-
dividual exposures. Most were associated with bends or chokes.
A few individuals were found to be particularly susceptible to rash
which occurred in 50% of the exposures, in some instances. Savely
(211) reported an individual who developed a patch of pimples or
papules across the back of the neck and shoulders each time he
ascended to 35,000 feet. The rash was accompanied by itch and
pain, but all of these effects disappeared several hours after
descent.

The color varies from a light macular or papular erythematous
rash to a purple or bluish-red mottling sometimes called a “violet
marbling” of the skin. The mottled zones may be demarcated and
intensified by adjacent contrasting areas of pallor. In very severe
cases there have been small or large areas of petechial hemorrhage
or ecchymoses which have been dark red to black in color. Rashes
are most often noted in areas which have a large amount of
superficial underlying fatty tissue, such as the abdomen, thighs,
chest, and occasionally the shoulders and arms. The rash does
not necessarily follow the distribution of cutaneous nerves. Some-
times, attention is drawn to the location by the occurrence of itch;
in other cases no other skin symptom is present. Statistics are
not available to indicate that the incidences of skin symptoms are
higher in obese individuals than in those of normal body type,
although such a finding might be expected. Areas affected by rash
feel warmer to the touch than do surrounding areas.
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The mechanism in many cases may be aero-embolism with
vascular congestion and stasis in the subcutaneous tissues. A
slowed cutaneous blood flow could result in the local cyanotic type
of discoloration since there would be an increased amount of re-
duced hemoglobin ir the vascular bed. Dilation of superficial
venules and capillaries in some areas, and vasoconstriction in others
would, by contrast, enhance the mottled appearance. In one study
(230), when pressure was applied to the .ash, the blueness was
made to disappear but returned gradually after pressure was re-
moved. This was interpreted as meaning that the bluish discolora-
tion was partially due to dilation of the cutaneous vessels and not
to frank extravasation of blood. In severe cases there is hemorrhage
into the tissues, especially in caisson disease (129). The persistence
of the mottled areas depends upon the extent of the pathologic
process. Erythematous areas may clear up in a few hours after
their initial appearance while, on the other hand, a purpuric area
can endure for several days, as can localized areas of residual
tenderness in the subcutaneous fat.

It is of interest that mottling of the skin occurred in 8.3% of
314 cases of neurocirculatory collapse at altitude. It has been
noted in fatal cases of dysbarism as well as in individuals who
have recovered. In any event, mottliing of the skin must be con-
sidered a dangerous symptom because it signifies the presence of
aerv-embolism of vessels in the subcutaneous tissues, or an effect
on the autonomic nervous system, or both. In the presence of
skin disturbances, the obvious question arises as to whether more
crucial areas will soon become involved or are already being af-
fected. Stewart et al. (230) reported two serious cases of col-
lapse occurring after a very mild attack of pain but a widespread
cutaneous reaction. One of the cases terminated fatally with
edema of the lungs developing 12 hours after the flight.

Paresthesias. Cutaneous paresthesias are a common manifesta-
tion of dysbarism. Occasionally, the symptoms can be moderately
severe formication, but most often, they are described as an itch
pruritus or prickling of the skin. Scratching of the area produces
rash, but rash also occurs independently. The itching or prickling
is increased on muscular exercise or if the temperature of the low
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pressure chamber i8 high. In a group of 40 technicians who made E,
frequent ascents to altitude, 8 men experienced cutaneous o
paresthesias frequently, 6 others reported that paresthesias oc- Z;{
curred on approximately half their ascents, 17 rarely noted skin ;
sensations, and 9 had never experienced such phenomena (230). In . ;

most individuals, on'ly a part of the body is affected, but on occasion
the whole body may be involved. Gibson, quoted by Fraser et al.
(79), reported that breathing oxygen for 8 hours caused itching . .
of the skin in 2 subjects at ground level. In both cases, the sensa- '.~
tion was located about the site of a pre-existing minor skin injury. >
This brings up the possibility of some individuals being sensitive
to high concentrations of oxygen, or perhaps developing a contact
dermatitis rash on the face from the oxygen mask.

Sensations of hot or cold waves are not infrequent phenomena
at altitude. The legs, back, and arms are most often affected for
periods usually lasting only a few minutes. These symptoms are
sometimes associated with collapse.
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Edema and crepitation. Shortly after descent, or on the fol-
lowing day, a few individuals may notice the appearance of mild
to marked subcutaneous edema. Stewart et al. (230) cited 3 cases -
in which symptoms developed on the day after decompression.
The edema in one case formed a hard plaque over the front of
both thighs; in another, there was a brawny, tender area in the
region of the deltoid which, by x-ray, was shown to be localized :
to the subcutaneous fat pad. In the third instance, marked edema ;
of the scrotum developed following a rash on the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>